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Chapter 1 

Heterogeneous catalysis in everyday 
life 
1.1 Introduction 

Catalysis is nowadays a fundamental and essential tool for our society allowing the 
production and treatment of chemicals at the industrial level that will turn to be 
used in an incredibly high number of processes, from fertilizers production to the 
textile or drug industry. 

It is not possible to imagine the world we know without what does not come 
straight from the nature but have been synthesized, treated or at least processed in 
an industry.  

These transformations have been (in most cases) performed using a catalyst which 
changes the mechanism of the reaction increasing its rate (see Fig. 1). 

Whereas homogeneous catalysis is mostly used for production of fine chemicals, 
drugs precursors and medicines,1 intensive production of simple small organic or 
inorganic molecules used as solvents or reactants has been prerogative of 
heterogeneous catalysis from long time. Homogeneous catalysis refers to the 
complete miscibility of the catalyst and the reactants – for example two miscible 
liquids – where heterogeneous catalysis identifies multi-phase systems composed 
by a solid catalyst and reactants in gas or liquid state, or also by two immiscible 
liquids. Thousands of years before the development of the chemical industry, 
catalysts were already used by human beings around the world to produce food 
and beverages (see Fig. 2). Brewing was dated about 6000 B. C., where wine 
production from grapes was estimated to begin after (~3000 B. C.). In both cases 
the homogeneous catalyst is the yeast, the mixture of enzymes that allow the 
transformation of carbohydrates and sugars contained in grapes and malt into 
ethanol and carbon dioxide during the fermentation process. The same happens 
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during dough leavening. Here the increment in volume is due to the CO2 produced 
in the fermentation that permeates in the porosities of the mixture. 

 

 

Figure 1: Energy diagram of the progress of the reaction R -> P. The catalyst changes the 
mechanism leading to a lower activation barrier.2 
 

Catalysts are not only necessary in a variety of common processes, but they are 
also essential part of objects of everyday use. One nice and not so common 
example is the catalytic combustion of methanol in cordless hair curlers. Quartz 
wool coated with platinum serves as catalyst for the combustion, heating up the 
curler and allowing its usage.3 Another interesting application of heterogeneous 
catalysts is carbon monoxide detectors, helpful to prevent accidents caused by this 
extremely poisonous gas. The device is composed by a fuel cell paired to an alarm. 
The catalytic oxidation of CO at the anode occurs when the gas diffuses in the 
porous platinum electrode. Sufficient concentration of gas in the air flow supply the 
electrons needed to activate the alarm of the detector.3 

Important examples of heterogeneous catalyzed processes used in chemical 
industry are the synthesis of sulfuric acid at large scale4 and the Haber-Bosch 
process, the hydrogenation of nitrogen to produce ammonia on an iron based 
catalyst, performed for the first time in 1913.4 These want to be just two of a large 
number of processes developed at industrial scale from the 19th century. 

In all cases, from brewing to sulfuric acid production, the essential role of the 
catalyst is always the same, resumed in Fig. 1. It gives a new more favorable path 
between reactants and products, where the activation energy for the rate 
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determining step is lower compared to the non-catalyzed reaction. The result is an 
increment of the reaction rate. 

 

 

Figure 2: A Syrian mercenary drinking beer in the company of his Egyptian wife and child, 
1350 B. C.5 
 

In 1740 large scale H2SO4 production was performed burning niter (KNO3) with 
sulfur in a glass bell jar, but a clear definition of the essential role of the potassium 
nitrate in the process would be given more than sixty years after, in 1806, by 
Clement and Desormes: ”…nitric acid is only the instrument of the complete 
oxygenation of the sulfur: it is the base, nitric oxide, that takes the oxygen from the 
atmospheric air to offer it to the sulfurous acid in the state which suits it best…”.6 
Nowadays sulfuric acid is one of the most important compounds made by chemical 
industry, whose annual world production is ~200 million tons per year.7 It is now 
produced using a catalyst of vanadium oxide (V2O5) supported on silica and its main 
use reside in phosphate fertilizers production and in metal processing (e. g. 
manufacture of copper and zinc). 

Another important chemical process with a long past history is the synthesis of 
ammonia from its constituents N2 and H2 which is called “Haber process”. This 
compound comes second after sulfuric acid as the chemicals with larger tonnage 
per year. The most important purpose is (again) the production of fertilizers, which 
adsorb more than 80% of the total world production, estimated to be about 140 
million tons per year. The Haber process was introduced in 1913, being one of the 
first examples where the thermodynamic knowledge led scientists to some 
practical industrial solution.8 In fact, although the overall process is exothermic, 
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very high pressure are needed due to the stability of the N-N bond and the high 
fugacity of hydrogen. The original catalyst used by Haber was iron oxide (Fe3O4), 
but now much work has been done seeking for promoters and alternative catalysts. 
In this sense graphite supported ruthenium seems one promising possible 
substituent.7 

1.2 From industrial catalysts to virtual models: rational 
design versus trial and error procedure. 

Fermentation was discovered long time before the development of the concepts of 
chemical reactions and catalysis. 

After Berzelius formulates the first definition of catalysis in 18369 and Sabatier 
qualitatively defined a “good” and a “bad” heterogeneous catalyst10 long time have 
to pass until catalytic reactions were performed with a deep knowledge of the 
atomistic details of the transformation occurring and only recently it become 
possible to explain how matter is arranged from the subatomic level to atoms and 
molecules. 

For centuries “recipes” were obtained only by serendipity or with many trials and 
errors, but obviously these procedures do not offer a clear way to improve the 
production of a certain compounds. Nowadays scientists have deep knowledge of 
how atoms form molecules and experimental techniques actually allow “seeing” 
the atomic detail of many chemical systems. Unfortunately real systems are by far 
too difficult to study and their complexity does not allow distinguish between 
characteristics that are of crucial importance for the chemical activity and those 
who are not. In this case it is hard to obtain the necessary information for a 
systematic improvement of catalyst and increase its activity. 

Industrial catalysts are often composed by some noble metal nanoparticle (NMNP) 
dispersed on a matrix (some metal or metal oxide). The noble metal is the active 
phase of the catalyst where the reaction occurs, but it cannot just be used alone, 
because of its extremely high price, and often because the activity depends from 
both structural and electronic nano-size effects. For these reasons in most cases a 
support is used, mostly composed by a metal oxide such cerium oxide (CeO2), silica 
(SiO2), titania (TiO2) or alumina (Al2O3) nanoparticles exposing all kind of facets and 
defects.4 The support can be an active catalyst itself, a promoter of the chemical 
reaction of interest or an inhibitor of some side reactions, but also just an inert 
matrix on which NMNPs are dispersed. 
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Promotion or inhibition depends of the influence of the support on the NMNPs, 
allowing just specific active conformations or modifying the electronic structure of 
the system. Supports inhibit unwanted side reactions (de)stabilizing important 
intermediates. Sometimes the interaction with the support largely affects the 
catalytic properties of the metal by changing both structural and electronic 
properties of the NMNP and leading to an increment (or a reduction) of its catalytic 
activity. This is commonly referred as strong metal-support interaction (SMSI).11,12 

The goal of the investigations in heterogeneous catalysis is on one side to discover 
new active catalysts for the production of some valuable and on the other, 
understand which relation exists between structural and electronic properties of 
the real catalysts and its activity. Experiments are performed on model catalysts in 
order to shed light on these points, and advanced computational techniques are 
employed to study reactions in a “virtual” laboratory. 

Model catalysts are normally composed by a support material, where well-
determined surfaces are grown (called single crystal), on which NMNPs are 
deposited. 

A variety of surface sensitive techniques are used to identify the structure of the 
surface, presence of possible defects, height, size and shape of the NMNPs. On this 
well-defined system, reactions are performed in ultra-high vacuum (UHV) 
conditions, obtaining information about adsorption sites and energies, nature of 
reaction intermediates, products and by-products. Information will be useful for 
the “real world” catalysis elucidating the importance of a certain characteristic in 
spite of others. However interpretation of experimental results is not easy, single 
crystal growth is an expensive process and sometimes important information 
cannot be obtained without using plenty of different instruments. For this reason it 
is nowadays common to support experiments with computer simulations, where 
the model catalyst is virtually recreated using several approximations to reproduce 
as much as possible the real physical and chemical properties of the system. In this 
way (within the error of the approximations used) it is possible to access easily to 
information that are impossible to obtain experimentally and unravel experimental 
controversies. Also, the always higher accuracy of the available computational 
techniques allows predicting trends for the catalytic activity obtained screening a 
number of similar but different chemical systems, with just a fraction of the money 
needed to synthesize and study experimentally each model. 
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A class of compounds subject of an intense screening in the last decade are 
transition metal carbides (TMC), main subject of the next section and of this 
manuscript. 

 

1.3 Systems under study: Noble metals supported by early 
Transition Metal Carbides (TMC)  

The carbides of the early transition metals exhibit chemical and catalytic properties 
that in many aspects are very similar to those of expensive noble metals.13 This new 
important discovery comes from the landmark work of Levy and Boudart showing 
that the catalytic properties of tungsten carbide (WC) are similar to those of Pd or 
Pt in the conversion of n-pentane to iso-pentane.14 This discovery triggered plenty 
of experimental and theoretical studies unrevealing their unique catalytic 
properties. Indeed TMC can be considered a possible substituent of expensive 
noble metals used in many industrial reactions not only for their low price but 
because of their peculiar chemical properties that make their usage even more 
convenient. 

 

Figure 3: Papers published per year containing the word “transition metal carbide”. Data 
from Web of Science. 
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1.4 TMC catalysis 

The catalytic properties of many possible TMC combinations have been extensively 
and systematically studied in the last decade, with numerous experimental and 
theoretical works (see Fig. 3). A number of important reactions like alcohol 
conversion, hydrogenation of olefins and many others demonstrated that these 
compounds are suitable for application in industrial processes.15,16,17 By way of 
example it will be described some studies performed on several TMC. 

Molecular oxygen adsorption and dissociation on the (001) surface of carbides of 
groups IV-VI was studied by Viñes et al.18 These authors found two different 
adsorption sites with similar adsorption energy where O2 bridges two surface metal 
(M) atoms or it is placed directly on top of a surface metal atom. Just on δ-MoC the 
bridge adsorption between surface Mo is largely preferred. In the same work a 
different preferred reaction paths leading to O2 dissociation have been found 
depending on the TMC considered (TM = Ti, Zr, Hf, V, Nb, Ta, Mo). On group IV TMC 
at low temperatures O2 dissociation can only occur via one mechanism from an M-
M bridge situation leading to a final state where O atoms are adsorbed on 3-fold 
hollow sites neighboring two M and one C surface atoms (MMC). At high 
temperatures the same products can be obtained beginning from an on top 
molecular adsorption situation. For the rest of the carbides only paths from on-top 
adsorption structures leading to products where oxygen atoms interact directly 
with surface metals or occupying MMC sites are possible. The calculated rate 
constants reveal that TMCs of groups IV and V are easy to oxidize whereas this is 
especially difficult for δ-MoC. 

Later on, Zhang et al.19 focused on the surface chemistry of TiC and VC (100) 
revealing differences and important kinetic effects introduced by one additional d 
electron of the V atoms. 

Another interesting reaction deeply investigated on clean TMC is the water gas shift 
reaction (WGSR) that converts water and carbon monoxide to carbon dioxide and 
molecular hydrogen. Rodriguez et al.20 studied the reaction on the clean (001) 
surface of the Mo2C carbide C - and Mo - terminated, comparing with (111) Cu 
surface which is an active catalyst for the reaction. Here again the interaction of the 
catalyst with atomic oxygen is extremely important. In fact the activity for the clean 
surfaces decreases in the order Cu > Mo2C (C terminated) > Mo2C (Mo terminated), 
but this order is changed by adsorption of a rather small amount of oxygen (0.25 
ML) produced by H2O dissociation. In this case the C terminated, oxidized (001) 
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surface of Mo2C become the most active one, where the same oxygen covered Mo 
terminated surface is by far inert. 

The same reaction has been later studied by Viñes et al.21 on the (001) surface of 
titanium carbide. In this theoretical study several models have been used including 
extended periodic systems as well as cluster models of various sizes. The catalytic 
activity on the perfect (001) surface of TiC was found to be the highest, and 
reaction was predicted through the carboxyl formation route, where (although with 
a smaller extent) on TiC nanoparticles the reaction is expected to occur through the 
redox mechanism. Reaction rates estimated for the reaction on TiC (001) infer that 
this can be a potential substitute for catalysts commonly used at low-temperatures. 

The interesting results obtained motivated another work exploring the dissociation 
of H2 on carbides of Ti, Zr, V, Mo with 1:1 stoichiometry and FCC structure. 22 In the 
same work was also compared the effect of the various TMC on a supported small 
Au4 cluster looking for the best catalyst for H2 dissociation.(see below) Molecular 
hydrogen interacts rather strongly with the clean TiC(001) and ZrC(001) substrate, 
but quite weakly with VC(001) and δ-MoC(001). The first two carbides are the only 
ones supposed to be active catalysts for hydrogenation. In fact atomic hydrogen 
adsorption on surface carbon atoms of both VC and δ-MoC(001) causes an 
important distortion of the surface with a subsequent protrusion of the surface 
carbon out of the plane of the uppermost layer, and it is predicted to destabilize 
the carbide. However on TiC, ZrC and δ-MoC(001) substrates molecular hydrogen 
dissociation seems to be possible because of its exothermicity (about -0.4 eV). The 
authors calculated a barrier of 0.80 eV for dissociation on ZrC (001) and of 0.52 eV 
on TiC.  

1.5 Reactivity of TMC supported noble metal nanoparticles 

A new important field of research is the application of TMC as active supports for 
noble metal nanoparticles (NMNPs).23,24 

This important effect derives from the perturbation of the electronic density of the 
NMNPs interacting with the carbide support. In some cases the electron density is 
redistributed around the adsorbed metal atoms obtaining a formal net charge 
transfer from the substrate to the nanoparticle with subsequent polarization above 
the noble metal atoms, crucial for the activation of organic and inorganic molecules 
in contact with the metallic centers of the catalyst.25 In some case it is observed the 
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opposite, and adsorbed metal atoms get positively charged transferring electronic 
density to the substrate. 

Scanning tunneling microscopy (STM) images of Au, Cu, Ni and Pt adsorbed on 
carbides of group IV and V showed that these noble metals form flat islands at very 
low coverage and 3D shaped nanoparticles at medium and large coverage. DFT 
calculations predicted the preferential formation of bonds between the noble 
metal atoms and the surface carbon atoms. The significant electronic perturbation 
together with the net charge transfer facilitates bonding of the NMNP with 
electron-acceptor molecules allowing their activation.26 For example, Au/TiC(001) 
and Cu/TiC(001)systems are able to cleave both S–O bonds of SO2 at a temperature 
as low as 150 K, displaying a reactivity much larger than that of TiC(001) or 
extended surfaces of bulk copper and gold. Due to their higher activity in the first 
or second S-O bond cleavage, a mixed Au-Cu catalyst supported on TiC (001) is 
predicted to be an efficient DeSox catalyst. The high activity depends by the Au-TiC 
interaction showing high activity for hydrodesulfurization of thiophene in spite of 
the very poor activity showed by either TiC (001) or Au (111), but also higher than 
conventional Ni/MoSx catalysts. For this reason the extent of the electron density 
polarization from the substrate to the NMNP can be used as a descriptor helping 
estimating the catalytic activity of a generic NMNP/TMC system.27 

Molecular hydrogen dissociation is another important process that has numerous 
applications in the chemical and petrochemical industry concerning both the 
hydrogenation reactions and hydrogen carrying and storage.28 Recent studies 
showed the interesting catalytic activity of several NMNP/TMC systems. Florez et 
al.29 studied molecular hydrogen dissociation by mean of periodic DFT calculations 
firstly on the clean TiC (001) surface and then on gold clusters of 4, 9 and 13 atoms 
supported by TiC(001). In fact in spite of the moderate activation barrier of 0.52 eV 
calculated for the dissociation on the clean TiC (001), small gold cluster in contact 
with the surface shows high catalytic activity, decreasing the activation barrier to 
0.20 eV on the Au9/TiC system and leading to the final value of 0.08 eV for the 
smallest Au4 cluster. The same reaction is found to be highly impeded on bigger 
supported clusters like the Au13, where the calculated energy barrier increases to 
nearly 1 eV. On the clean substrate H2 adsorbs molecularly with the molecule 
center on top of a C atom and the H-H axis along the diagonal connecting C atoms. 
Calculated adsorption energy is of -0.48 eV placing the system 0.42 eV above the 
fully dissociated molecule. In the transition state one H atom continues interacting 
with the surface carbon where the other diffuses to the nearest neighbor surface 
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carbon leading to the product where both H are adsorbed on top. The energy 
barrier of only 0.52 eV is consistent with experimental measurements that found 
cleavage of the molecule upon adsorption on TiC(001) at room temperature. 30,31 
On the most active Au4/TiC supported on TiC(001) reaction starts from the edge of 
the cluster ending with one H atom on top of the same gold and another 
transferred to a surface carbon atom. Although adsorption on gold atoms is slightly 
endothermic, moderate H2 pressure allows achieve the complete dissociation of 
the molecule. The H atoms spill to the substrate creating a reservoir of atomic 
hydrogen. 

This work clearly confirmed Au/TiC system to be an excellent catalyst for several 
reactions and highlights the effect of the substrates on gold nanoclusters. Gold 
atoms not in direct contacts with the substrate show a much lower catalytic activity 
that extremely increases when the support directly interacts with all the atoms of 
the cluster as in the Au4/TiC(001) system. The extent of the polarization due to the 
adsorption of the carbide rapidly drops down increasing the number of gold layers 
in the cluster, fact that motivates deactivation. 

The interesting results motivated another work exploring the effect of others TMC 
(TM = Ti, Zr, V, Mo) substrates on the smallest Au4 cluster looking for the best 
catalyst for H2 dissociation.32 The activation barrier calculated largely decreases 
compared to the reaction studied on the bare support, confirming Au4/TiC (001) as 
the most active one (Eact = 0.08 eV), and VC as the less active (Eact = 0.36 eV) and the 
reaction is predicted to be exothermic for all Au4/TMC systems. However only for 
Au4/TiC and Au4/ZrC the atomic hydrogen produced is expected to diffuse to the 
support. 

In general, gold nanoparticles supported by TiC are more active if compared with 
systems where Au nanoparticles are supported by metal oxides. An important 
example is the low temperature oxidation of CO. 

On metal-oxide supported gold nanoparticles, temperature around 300 K is needed 
to break up the double bond of the oxygen molecule obtaining the atomic oxygen 
that finally performs the oxidation. The Au/TiC system is able to dissociate O2 and 
oxidize CO to CO2. at temperatures below 200 K, and it has been shown that this 
activity derive from the Au-TiC interaction, as the cleavage of the O-O bond on 
unsupported nanoparticles as well as on gold adsorbed on MgO(100) or TiO2(110) is 
quite difficult.33,34 Experiments supported by periodic DFT calculations showed that 
the O2 molecule breaks up easily when in contact with the supported small Au 
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nanoparticle, and atomic oxygen diffuses on the support interacting strongly with 
surface carbon atoms. Experiments also confirm again that highest activity is 
reached for smaller flat nanoparticles adsorbed.35,36 

All these results compose a picture that substantiates the metal-support interaction 
as the key point of the incredible activity showed by the Au/TiC system. However 
newer experiments have demonstrated that the interaction with other noble 
metals is even stronger, with a resulting higher catalytic activity. 

 

Figure 4: Minimum energy path for the hydrogenation of CO2 on Au4/TiC(001) catalyst. From 
left to right: reactants, transition state and product. Color key: purple (C), iceblue (Ti), red 
(O), white (H), yellow (Au). Adapted from ref (37). 
 

The CO2 activation and hydrogenation is an important example. In fact it allows 
reduce the amount of this green-house gas obtaining valuable chemicals like 
methanol or higher alcohols. Experiments and theoretical calculations performed 
by Vidal et al.38,39 showed that methanol production is higher on Au/TiC system 
than on Cu (111), an active catalyst commonly used as a benchmark, or on TiC(001). 
The most surprising results concern methanol production on Cu/TiC catalysts that is 
constantly about two orders of magnitude faster than on Au/TiC. For all metal (Au, 
Cu and Ni) nanoparticle studied the production of CO by reverse water gas shift was 
always higher than methanol. For Au and Cu no methane was detected, as 
happened for Ni/TiC(001) system. For all three metals the catalytic activity largely 
depends by the relative height of the nanoparticles, confirming higher activity for 
the most dispersed two dimensional systems. The DFT calculation performed 
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identified surface carboxyl as a key intermediate for CO formation, pointing to the 
hydrogenation of CO or COOH as possible pathways for methanol synthesis. 

1.6 Objectives and contents of this thesis 

After the important discoveries about TMC reactivity and activation of noble metal 
clusters delineated in the introduction the initial perspective of this thesis was to 
perform a systematic study of the catalytic properties of small noble metal 
nanoparticles supported by early transition metal carbides. The main idea was to 
use such model systems for the hydrogenation of small inorganic molecules. This 
has been done indeed when studying the adsorption of small molecules (CO, CO2, 
H2) considering extended models for perfect surfaces but also finite models to 
reproduce defective adsorption sites and their extended possible reaction network 
on TiC and on several small supported clusters (Au4, Au6). 

The results in agreement with the available experiments performed made us 
confident about the theoretical methods employed extending our research also to 
others materials like the less-investigated molybdenum carbides. In prospect of 
study CO hydrogenation on supported noble metal nanoparticles a previous 
necessary step was proposed and completed: gain detailed knowledge of the 
interaction of single noble metal atoms with the perfect non polar (001) surface of 
δ-MoC. However there are other more stable molybdenum carbide phases whose 
detailed surface structure is still controversial. For this reason we considered 
interesting to predict possible morphologies for the C-terminated (001) surface of 
the novel Mo2C catalyst. All original results produced in this thesis are reported in 
chapters 3-7. 

Chapter 1 reports this introduction: the generic sense of catalysis and 
heterogeneous catalyzed processes, interesting examples of processes catalyzed by 
TMC and NMNPs adsorbed on TMC and the objectives of this thesis. 

Chapter 2 presents the computational methods used in the work reported in this 
thesis. The main basis of Density Functional Theory is outlined together with its 
application in condensed matter physics. Some central quantities concerning ab 
initio modelling of extended system are used as examples to explain physical 
concepts or their importance is highlighted when practically setting up the 
calculations. 
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Chapter 3 introduces the first results obtained studying the interaction of CO with 
TiC(001), several small Au cluster models and few defects commonly found on the 
clean carbide support. Defects were modelled using finite and extended models. 
Results obtained for adsorption on the clean support for various coverage have 
been used later to simulate CO thermal desorption profiles. 

Chapter 4 and chapter 5 relay on the results obtained studying hydrogenation 
reactions on the Au4/TIC (001) catalyst model. Chapter 4 focuses on the 
investigation about the water gas shift reaction (WGSR) on the Au/TiC model 
catalyst. In this case the minimum energy path for the reaction on the small Au4 
model cluster supported on TiC(001) has been identified estimating the reaction 
rates at industrial conditions. Chapter 5 concerns about the hydrogenation of CO 
on the clean TiC(001) surface and on the small Au4 cluster supported as well as on 
small Au clusters supported on the bulk TiC(001) surface. 

Chapter 6 describes a study of a new system, the δ-MoC. Here we focused on the 
adsorption of several noble metal atoms on the non-polar (001) surface of the 
material. The important distortion of the surface caused by the adsorption was 
studied analyzing the effect on both electronic and geometrical structure. 

Chapter 7 puts the basis for the study of the reactivity of another important TMC: 
Mo2C. In this chapter the morphology of the C- terminated (001) surface has been 
guessed. Thermodynamic, electronic and structural properties of several possible 
terminations have been compared estimating the extent of each one for several 
temperatures. Such study is a first necessary step for studying adsorption of 
metallic clusters or reactivity on clean Mo2C (001). This work also extends the 
concepts developed to estimate the stability of polar surfaces of semiconductors to 
systems with an intermediate character like TMC.  

The conclusions of this thesis are given in chapter 8. 
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Chapter 2 

Methodology 
 

This chapter is intended to a reader that is already aware about standard 
computational techniques used in quantum chemistry, material modeling and 
computational heterogeneous catalysis as well as the basis of solid state physics. 
The theoretical basis of Density Functional Theory (DFT) will be sketched as 
normally it is implemented when studying the electronic structure of solid state 
systems. Some characteristic quantities always present in periodic calculations 
will be presented highlighting why they are important and needed to justify the 
computational set up chosen. The methodology here presented has been used 
throughout the thesis. Complete and detailed expositions about the methods 
commonly used in quantum chemistry can be found in ref (1) and ref (2). A deep 
explanation of the theoretical foundation of Density Functional Theory as well 
as its most common application and implementation can be found in ref (3) and 
in ref (4). An introduction about the solid state can be found in ref (5) and ref 
(6), whereas for a general discussion about electronic structure calculation in 
solid state the reader can refer to ref (7). 

2.1  Density functional calculations on extended systems: 
Bulk material and surfaces. 

Density functional theory (DFT) has been developed in the sixties as a viable 
alternative to calculate the ground state properties of a multi-electronic system 
without dealing explicitly with the multi-electronic wave function but just with a 
quantity strictly related to it: the electronic density ρ(r). It has been shown by 
Hohenberg and Kohn in their first theorem that the ground state electron 
density of a system cannot be derived by two different nuclear (external) 
potentials.8 This means that there is one and only one non-degenerated ground 
state electron density associated to a certain nuclear potential. The electron 
density determines the external potential that affects the Hamiltonian, and 

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Methodology 

24 

consequently it determines also the wave function. In this way the total energy 
of the system E0 turns to be a functional of the electron density ρ(r). 

)]([0 rρEE =         (1) 

This theorem bases the application of DFT for the study of the electronic 
structure of molecules and solids. However is with Hohenberg and Kohn’s 
second theorem that DFT gains practical applicability for the study of chemical 
systems.8 It is an application of the variational principle for the electronic 
density. The theorem states that the total energy E calculated using a trial 
density ρT(r) will be always higher than the total energy of the system with real 
density ρ(r), E0. 

)]([)]([ 0 rr ρρ EE T >        (2) 

In principle any improved trial density more similar to the real electron density 
ρ(r) lowers the total energy calculated. Up to this point DFT seems to be 
extraordinary promising when treating systems with a huge number of electrons 
like a molecule or the unitary cell of a solid. 

Traditionally in the DFT framework the total energy is decomposed in several 
contributions, each one functional of the electronic density ρ(r). 
Such decomposition4 is presented in eq. (3): 
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The first term in eq. (3), Tni[ρ(r)], refers to the kinetic energy of non-interacting 
electrons whose density is equal to the real density of the system. The other 
terms in curly brackets include all classical and non-classical electron - electron 
and electron - nuclei interactions. The second and the third term, Vne[ρ(r)] and 
Vee[ρ(r)], are the attractive potential between electrons and nuclei, often 
referred as “external potential”, and the classical electron-electron repulsion. 
The physical nature of the electrons produces all differences between a 
fictitious system of particles that interact classically and the real system. All 
those differences are included in the last two terms of Eq (3). The first 
contribution, ∆Vee [ρ(r)], refers to all non-classical correction to the electron-
electron repulsion energy. The last term in Eq (3), ∆T[ρ(r)], corrects the kinetic 
energy including the effect of the correlation of the electrons motion.4 
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However problems arise when considering electrons mutual interactions and all 
those effects that do not exist in the “classic” world well described by the first 
three terms of eq. (3).4 
The (older) Hartree – Fock (HF) mean field approximation1 considers the physical 
nature of electrons fulfilling anti-symmetry principle when constructing the 
wave functions through Slater determinants. In this way the exchange 
contribution to the total energy is naturally taken into account avoiding that 
electrons with same spin get too close. However the monodeterminantal HF 
picture completely neglects motion correlation treating each time all electrons 
but one as a homogeneous diffuse charge density where the remaining electron 
moves as a particle. For this reason post HF methods are needed for a good 
description of the physics of the system. DFT includes all this non classical 
quantities, ∆Vee and ∆T in eq. (3), in some empirical functional of the density, 
since the exact analytical form is unknown. 
In the DFT approach the electronic density is expressed in term of occupied 
orbitals ψi as 

||)( ∑=
i

iψρ r        (4) 

one can then define a set of monoelectronic equations that can be solved in a 
self-consistent way, determining ψi.9 

iii
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The term hKS in eq. (5) represents an effective monoelectronic Hamiltonian, 
defined as 
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and finally 
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The term EXC in eq. (7) includes the last two terms in curly brackets in eq. (3). 

2.2   Common DFT functionals 

A careful chose of the type of exchange-correlation (XC) functional as well as its 
flavor within each approximation has to be done when setting up some 
electronic structure calculations. It was commented in the previous section that 
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the exact analytical form to calculate the exchange and correlation contribution 
to the total energy is unknown. For this reason nowadays the numerous 
approximations available in commercial codes are commonly classified 
according with the functional form used to extract information from the density 
function. 
The XC functional can depend on the value of the electron density in each point 
of the space, or on the value of the density together with its first or second 
derivatives. The first XC approximation is called Local Density Approximation, 
(LDA), and explicitly supposes that the density changes slowly with the position 
as it happens in a metallic system.10,11 

The second approximation, known as Gradient Generalized Approximation 
(GGA), can better describe more complex systems like metal oxides or 
carbides.12 Two of the most widely used implementation of this last 
approximation, PW91 and PBE, are both available in VASP.13,14 It is worth to cite 
the B3LYP as the most used hybrid functional which includes 20% of exact HF 
exchange when calculating XC energy.15 Another important approximation 
known as DFT-DX was developed by S. Grimme.16 This approximation allows to 
take into account for the dispersion forces adding an energetic term to the 
standard DFT Hamiltonian. It uses a parameterized Lennard-Jones potential and 
depends from just pairwise (X = 2), or also three-body (X = 3) interactions, 
essential to describe non-covalent bond.17 
 

2.3   Important parameters and characteristic quantities 

2.3.1 K points grid and basis set 

Some other important parameters have to be converged when setting up 
periodic electronic structure calculations of solids. These are the number of k 
points used to evaluate the energy of the system and the size of the basis set 
used to approximate the electronic states. Whenever these two important 
parameters have been converged, then the XC functional can be varied looking 
for the one that give the best value for some important bulk property, or some 
other property of interest. Commonly the optimization of the cell parameter is 
followed by the calculation of the bulk modulus (a quantity related to the 
compressibility of the material) and used to determine which XC functional best 
describe the system. Concepts like k point, direct and reciprocal lattices derive 
from the treatment of solids as infinite perfect systems. Obviously this is a big 
approximation of the physical reality of condensed matter but it gives the 
possibility to study plenty of extended systems. 
Periodic solid is composed by a repetition unit, the conventional cell, replicated 
all over the (direct) space along some primitive vectors {ai} which respect the 
translational symmetry. The translation operator commutes with the 
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Hamiltonian of the system and for this reason it can be chosen a common set of 
eigenvectors for the two operators. Such eigenstates refer to monoelectronic 
states describing particles subjected to the attractive potential of the nuclei V(r) 
that has the same periodicity of the unit cell. The periodic potential is defined 
as: 

)()( τrr += VV .       (8) 

Here τ is a generic vector multiple of the translational primitive vectors {ai} 
defining the unitary cell in the direct space. Bloch theorem18 (eq. (9)) defines a 
general form for the wave function describing a system where electrons are 
subjected to a periodic potential. 

)(( rr) rueik=Ψ        (9) 

Where eikr is a plane wave and u(r) is a local function with the same periodicity 
of the direct lattice. The wave function respects the periodicity fulfilling eq. (10): 

kτ
kk rτr i

nn e)()( ,, Ψ=+Ψ       (10) 

it depends parametrically on the principal quantum number n but also on the 
value of the wave vector k. Such wave vectors define the set of plane waves 
with the same periodicity of the crystal, but k also represents the complete set 
of vectors belonging to the reciprocal lattice (or k-space) associated to the direct 
one formed by the atoms that compose the solid. 
The reciprocal lattice is a mathematical tool used to simplify calculations and 
concepts in solid state physics, based on the creation of a fictitious lattice 
related to the real one. The set of primitive vectors {bi} defining the new lattice 
are constructed from those of the direct one using eq. (11): 

1][2] −= 321321 aaabb[b πT       (11) 

Translational symmetry in the direct lattice reduces any point of the crystal to a 
point in the primitive direct cell, enclosed by the set of vectors {ai}. In the same 
way any point in the reciprocal space is recovered in its primitive cell, the first 
Brillouin zone defined by vectors {bi}. 
Up to this point the number of possible k values within the first Brillouin zone is 
infinite. Discretization occurs as a consequence of the application of the Born–
von Karman periodic boundary conditions (B-VK PBC). B-VK PBC assumes that an 
infinite crystal is composed by a number of finite units containing a large 
number of cells along each direction. Repeated units are delimited in a formal 
way such that translation leads to the original point. In this sense the global 
crystal can be thought as cyclic. Now the problem of an infinite perfect crystal is 
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reduced to a finite crystal composed by a big number of conventional unit cell. 
Applying boundary conditions the k points values allowed and so the number of 
k points considered within the first Brillouin zone becomes finite because only 
those that are symmetrically non-equivalent are taken into account. However 
this number is proportional to the number of cells explicitly included in the 
repeated units that have to be large.6 A huge number of different k values is still 
allowed, but and eigenvalues of the hamiltonian varies continuously allowing a 
discrete sampling. Calculate the total energy of the system means averaging the 
eigenvalues on all k and then summing on all n occupied states. Luckily the 
eigenvalue associated to each Bloch wave function change slowly with the value 
of k. This allows generate a thick enough k point grid and perform a discrete 
sampling of the first Brillouin zone. Sufficient accurate sampling converge the 
final energy value calculated respect to the number of k points (see Fig. 1).  
Big unitary cell are associated to small Brillouin zone and just one central k-point 
is normally enough. However the reader must be aware that it can be very 
dangerous do not perform any test to check if the number of k points 
considered is large enough. 

 

Figure 1: Total energy of the bulk unit cell of δ-MoC calculated using different k point meshes. The 
profile reports the total energy (eV) versus the number of k points used (along each direction) 
when generating the 3 dimensional grid used to sample the first Brillouin zone. 
 

Another important parameter to be converged carefully is the basis set of the 
calculation. 
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The Bloch wave function (or crystal orbital) can be expanded as a linear 
combination of functions. All the results presented in this thesis have been 
obtained using the code VASP19,20,21 that uses a plane wave basis set. Localized 
atom centered basis set are normally of Gaussian type like those implemented 
in the code CRYSTAL7 or numerical as used in the DMol3 code.22 

Using plane wave basis set the local function in eq. (9) u(r) equals the unity and 
the Bloch function can be expressed as: 

∑ +=Ψ
g

rkg
kg,n,

k
k r )(

, )( ii
n eae τ       (11) 

where {g} is the complete set of wave vectors of the plane waves that respect 
the periodicity of the reciprocal lattice and {an,g,k} is the set of coefficients used 
in the linear expansion. However this requirement is fulfilled by infinite plane 
wave that would be included in the expansion. Practically it is truncated for a 
large value of g for which the contribution of those plane waves is negligible, 
Gcut. 

|kgG +≥ ||| cut        (12) 

2.3.2 Atomic Charges 

Atomic charge is a concept normally used to support chemical intuition but 
despite it is part of the standard chemical knowledge its definition is not unique. 
In fact atomic charge is not a quantum observable because there is not a unique 
way to define an atom within a molecule. For this reason several non-equivalent 
definitions are accepted and used, and the final value of the atomic charge or 
the charge transfer calculated is dependent from the method used. 

In this thesis atomic charges have been calculated in agreement with the theory 
of Atoms In Molecules (AIM) developed by Bader.23 Within this theory the 
volume of space associated to each atom in a molecule is determined drawing 
zero - flux 2-D surfaces in correspondence to the minima of the charge density 
of the system around the atom considered. As normally the electron density of a 
molecule presents cusps corresponding with the nuclei, minima result located in 
the region between two atoms. Surfaces are then drowned perpendicular to the 
straight line connecting two maxima in correspondence of the electron density 
minimum. This divides the electron density shared between the two nuclei 
leaving each atom on one side of the zero - flux surface. In this way a definition 
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of the volume occupied by each atom within the molecule can be obtained using 
just any electron density function suitable for the system without other 
assumptions on the size or the shape of the atoms. The final value of the atomic 
charge is obtained subtracting the integrated charge density within the volume 
associated to each atom from the number of electrons of the neutral atom. The 
integration gives the number of electrons contained in the Bader volume 
associated with that atom. This task has been performed using a code 
developed by the Henkelman group, 24 freely available online. 

On this topic plenty of literature is available from the personal work and 
webpage of Bader or Henkelman groups.25,24 New interesting developments of 
the theory and investigations about the more intimate consequences of this 
theory can be found in the recent works of many groups around the world. 
Between them here it is nice to remember the work done by the Quantum 
Chemistry Group of the University of Oviedo.26 

2.3.3 Density of States 

Due to the periodicity of the crystal the discrete electronic structure of a 
molecular system turns to be a continuum of energetic regions where there is 
(or there is not) presence of quantum states available for occupation by 
electrons. Important information about the behavior of the material can be 
extracted from the analysis of its Density Of States (DOS). Such profile reports 
the number of states present for a given binding energy allowing the 
classification of the material as insulator or metal, depending of the presence 
(or the absence) of electronic bands across the Fermi level EF. The presence of a 
band-gap between unoccupied conducting states and occupied valence states 
defines a material as insulator.  

The transition metal carbides of the groups IV-VI, investigated in this thesis, are 
metallic systems. This means that the last occupied state, the highest in energy 
corresponding to the HOMO of a molecular system, belong to a band that is just 
half-filled and that there are empty states available in the proximity of the Fermi 
level. For instance Fig. 2 reports the DOS of the bulk δ-MoC system. The Fermi 
energy is by definition equal to zero as it is the energy of the Fermi level, the last 
occupied state of the system. For this reason the numerical value obtained for 
the binding energy associated with the Fermi level is normally subtracted from 
the effective binding energy calculated for every state. In this way the zero of 
the energy corresponds again with the Fermi level. 
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The presence of geometrical distortions, atom substitutions, vacancies or 
interstitial atoms and adsorbates changes the electronic structure of the 
material and its effect can be detected in the total DOS but also projecting the 
total DOS. The projected total DOS (PDOS) gives the contribution of the states 
associated to a region of the system or a certain atom to the total DOS. In this 
way it is possible to determine the contribution, or the changes, on a set of 
orbitals and also arriving to define the role of each spin orbital of the system. 

 

Figure 2: Total density of States (DOS) calculated for the δ-MoC bulk system. The metallic behavior 
of this material derives from the presence of continuum DOS across Ef. 

2.4   Surface slab model 

All the heterogeneous catalytic processes analyzed in this thesis were studied 
using periodic surface models that allow a realistic description of the physical 
nature of the surface considering the relaxation caused by the vacuum felt by 
the outermost atomic layers of the material. Unfortunately the high level 
quantum chemistry methods accessible on “molecular” scale cannot be used, so 
DFT is the most common approximation adopted in this as well as many fields of 
material science. The periodic surface model is created from the bulk material 
adding some vacuum along the direction perpendicular to surface of interest. 
This disrupts the translational symmetry within the crystal along that direction 
and the system created is now infinite in 2 direction and finite along the third 
one. The vacuum (commonly 10-12 Å) has to be enough to avoid interaction 
between replicas of the unit cell.  
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The atomic layers included in the slab are not all physically identical because 
those more external feel a different environment depending on the proximity of 
the vacuum where those more internal should behave as bulk material. For this 
reason the bottom layers of the slab are frozen in their optimized bulk positions 
where the uppermost layers are relaxed together with the adsorbates (if 
present). However the slab needs to be thick enough so the relaxed layers feel 
the bulk-like effect of the internal atoms despite of the replicated vacuum under 
the bottom of the slab. This should be checked considering a thick enough slab 
and always increasing the number of relaxed layers checking the convergence 
with the total energy. The profile of the total energy, function of the number of 
relaxed layers, presents a plateau (see Fig. 3) when relaxing the most internal 
layers. It ensures that those atoms do not feel the vacuum and are therefore 
behaving like bulk material. 

 

Figure 3: Total energy of the 8 layer slab model of the C-terminated (001) surface of Mo2C vs 
number of relaxed layers. The perfect bulk-cut slab is reported as 0 relaxed layers. The lack of 
energy change when relaxing the internal layers of the slab ensures that the center of the slab 
behaves as the β-Mo2C bulk material. 

2.5   Chemical reactions on surfaces 

2.5.1 Adsorption and desorption processes 
Adsorption of reactants on a surface is the very initial step for every 
heterogeneous reaction. It is considered a non-activated process when 
molecules pass from the gas phase to form an adsorbed phase on the surfaces 
of the catalyst. Adsorption modifies both molecule and catalyst, activating some 
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molecular bonds and modifying the surface structure. Important quantities 
involved in adsorption processes are the adsorption energy Eads, the distortion 
energy Edist and the extent of the lateral interaction between adsorbates ELI. 

The adsorption energies reported in this manuscript has been always calculated 
as: 

surfmolmolsurfads EEEE −−= +  (13) 

Where Esurf+mol stays for the total energy of the adsorbed system, Emol is the 
energy of the relaxed gas phase molecule and Esurf is the energy of the relaxed 
slab. This means that a stronger bond between molecule and surface will 
produce a more negative value of the Eads calculated. The adsorption energy is a 
quantity that depends of the slab model used. Slab models that reproduce 
different coverage can lead to a change in the calculated adsorption energy. The 
adsorption process in fact is a balance between the attraction of the molecule 
for the surface and the distortion of both molecule and surface from their 
equilibrium geometry to the adsorbed geometry. The distortion of the surface 
can be estimated calculating the distortion energy Es

dist: 

surfmolsurfdist
s EEE −= −  (14) 

Es
dist is the difference between the energy of the slab frozen in the adsorbed 

geometry but without the molecule Esurf-mol, and the energy of the relaxed naked 
slab Esurf. The distortion energy of the molecule, Em

dist, can be considered 
comparing the energy of the relaxed molecule in the gas phase, Emol, and that of 
the molecule frozen in the adsorbed geometry but without the surface, Emol-surf. 

molsurfmoldist
m EEE −= −  (15) 

However other effects can influence the calculated adsorption energy. The 
strength of the lateral interactions ELI can be estimated calculating the 
difference between the energy of one isolated gas phase molecule distorted as 
in the adsorbed geometry respect to that of a lattice of n molecule frozen in the 
adsorbed geometry at certain coverage θ but without the underlying surface 
Eθ

mol-surf.  

θ
surfmolmol

LI EEnE −−= )(       (16) 
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ELI in eq. (16) can be positive or negative depending if the interaction between 
adsorbates is repulsive or attractive, contributing to decrease or increase the 
average Eads. However for sufficient low coverage lateral interactions between 
adsorbates can be normally neglected. 

 

2.5.2 Identification of reactants, transition states and 
products. 

The first step to study a reaction on a surface is to determine the adsorption and 
the co- adsorption geometry of reactants. It should be done considering the 
final equilibrium geometry of the products and guessing what seems to be the 
most probable pathway connecting the two minima on the potential energy 
surface (PES). 

The minimum structures need to be characterized by vibrational analysis 
calculating the harmonic frequencies associated to the normal modes of the 
minimum geometry structures. In VASP it is done by explicit calculation of the 
Hessian matrix of the portion of the system of interest, normally just the 
adsorbates. Every atom considered in the vibrational analysis is moved along 
each direction and then the forces generated are calculated. Once the 6 force 
constants are calculated for each atom, the matrix is diagonalized obtaining the 
harmonic force constant ki for the collective movement of all atoms along each 
normal mode i of the system. Then the harmonic vibrational frequency for each 
normal mode i can be calculated knowing the reduced mass (µ in eq. (17)) of the 
system. 

2/1
1

2
1)( 








=−

μ
sf i

i
k

π
       (17) 

All frequencies calculated for a minimum structure have to be real. Once the 
most stable geometry for reactants and products have been determined and 
both have been characterized as minimum by vibrational analysis one can 
further identify the geometry of the transition state (TS) connecting the two 
minima. This is the maximum along the minimum energy path (MEP) connecting 
reactants and products.  

Let’s consider a chemical reaction of the type: 
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Reactants -> [TS]‡ -> Products 

Identify the TS structure along the MEP is interesting because (1) the MEP will 
be the mechanism of formation of the products with maximum statistical 
weight, and (2) if we are considering a single step process or the reaction 
limiting step then the reaction rate can be estimated comparing the energy of 
the TS structure respect to the reactants. Several algorithms are now available 
to determine the TS structures using VASP.27,28 All TS structures reported in this 
thesis have been identified using the CI-NEB (Climbing Image Nudged Elastic 
Band) algorithm.29 The CI-NEB algorithm creates and optimizes several 
intermediate structures between reactants and products (often called images) 
trying to minimize their energy. This will bring the images toward the minima on 
the PES, falling down in correspondence of reactants or products. However 
along the guessed MEP images are interconnected by “harmonic springs”. These 
fictitious forces avoid images to fall down on one side or the other of the 
energetic barrier. The CI modification to the algorithm cancels the forces, due to 
the springs, on the image higher in energy and inverts the sign of the forces 
calculated due to the PES itself. In this way the image is pushed up, climbing the 
energy barrier and maximizing its energy along the band formed by all images. 
This method works fine although it is very expensive as each image is optimized 
separately. For this reason the number of the relaxed atoms explicitly included 
in the NEB has to be chosen carefully trying to minimize the degrees of freedom 
of the system. Once a good candidate for the TS has been identified, vibrational 
analysis will shed light on the real nature of structure. Just one imaginary 
frequency associated to the normal mode connecting reactants and products, 
whose wavenumber is higher than about 350 cm-1, ensures that the structure 
found is a real transition state. Now this structure has to be relaxed using a first 
derivative algorithm (like the quasi – Newton algorithm implemented in VASP)30 
and then the vibrational analysis should be performed again. Although the total 
energy should be sensibly lower compared with that of the first TS guess, there 
should be no important change on the frequencies calculated. This ensures the 
goodness of the TS structure found. 

For an extended discussion about TS search methods with VASP one can refer to 
the Henkelman group website.24 
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Chapter 3 

CO adsorption on TiC(001) and 
Au/TiC(001) 
 

The first part of this chapter reports the work done in collaboration between 
our laboratory, the Quantum Chemistry Group of Universitat Rovira i Virgili, the 
groups of the Institute of Theoretical and Computational Chemistry of the 
Universitat de Barcelona (IQTC-UB), and the BNL (USA).1 The second part has 
been done in collaboration between our laboratory and the groups of IQTC-UB, 
Departament de Química Inorgànica & IN2UB (Universitat de Barcelona), 
Surface Chemistry and Catalysis Group, Department of Chemistry (University of 
Aberdeen).2 In this case experiments were carried out at the Departament de 
Química Inorgànica & IN2UB of the Universitat de Barcelona. 

This chapter concerns the adsorption of carbon monoxide on several models of 
gold nanoparticle supported on TiC, on the extended (001) surface of the 
support as well as on several types of defects commonly presents in rock-salt 
structured materials. Carbon monoxide is a component of the synthetic gas, or 
syngas, a mixture of CO and molecular hydrogen but containing also CO2 and 
H2O in various proportions, mainly produced by reaction of water with methane 
(steam reforming).3 

CO is also an important “probing molecule” commonly used in experiments and 
a huge literature relating desorption temperature and vibrational frequency 
shifts with adsorption sites and energies is available. However in some cases the 
straightforward interpretation of such results leads to misinterpretations 
corrected by theoretical evidences.4  

The interaction with gold nanoparticle has been reproduced with 2 and 3 
dimensional gold nanostructures adsorbed on TiC (001). Such computational 
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models present low coordinated gold atoms and already demonstrated to 
correctly predict the reactivity of Au/TiC system.5  

It is necessary to investigate adsorption before studying any catalytic process 
involving carbon monoxide because that is the very first step of every 
heterogeneous reaction. The interaction of the probe molecule with the naked 
support gains interest because of the intrinsic TMC catalytic properties already 
detailed in the introduction of this thesis, and because it represents the majority 
of the surface exposed to the gas phase reactants by any heterogeneous 
catalysts. 

Before to study the adsorption on the various models, some bulk and surface 
properties including density of states, bulk modulus and other surface 
characteristic quantities (interlayer rumpling, surface energy) were calculated, 
comparing with previous theoretical calculations and experiments. This is 
needed to optimise the computational set up used and ensure the goodness of 
our models. Carbon monoxide adsorption was explored in all possible sites and 
geometries on naked TiC and on each gold nanoparticle observing a preferential 
interaction with the surface carbons of the clean substrate. The interaction of 
CO with supported gold nanoparticle showed that adsorption is stronger on 
lower coordinated gold atoms and, as expected, smaller nanoparticles bind 
stronger than bigger ones. Upon adsorption on naked TiC (001) a strong C-Cs 
double bond is formed between the molecule and the exposed carbon causing 
an important distortion of the surface. Such local structural features are 
conserved when adsorbing CO on other surface models used to reproduce 
different coverage. The increment of the adsorption energy (Eads) calculated 
when lowering the coverage is strictly related with such distortion and can be 
rationalised calculating the normalised distortion energy (Edist,norm) in each 
supercell model. 

The second part of this chapter further examines the interaction of CO with TiC 
analysing some possible common defective adsorption sites on the surface by 
mean of both extended and finite models as well as experiments performed on 
TiC nanopowders. Adsorption on TiC (001) terraces studied with standard 
periodic slab models reproduces substantially the results obtained for the 
extended (001) surface in high coverage situation and CO experiments 
moderate adsorption energy. The interaction strength increases dramatically for 
low coordinated sites such edge or kink sites becoming irreversible. These 
adsorption trends have also been reproduced using a small 64 atoms TiC 
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nanocube and studying adsorption on facets, edge and corners. Temperature 
programmed desorption (TPD) experiments performed after deposition at room 
temperature let infer an adsorption energy in agreement with the DFT results 
obtained for low coverage situations. 

The literature about CO adsorption on TiC (001) and on small TiC clusters is 
controversial and presents results that differs in both preferred adsorption site 
and adsorption energy depending on the computational methodology, and 
results obtained with extended slab models contradict previous theoretical 
studies.6,7,8 The high adsorption energy calculated for low coverage situation 
does not agree with values inferred from older TPD experiments.9 For this 
reason a simple kinetic Monte Carlo (kMC) model that explicitly consider the 
interaction of the molecule with the surface, the effect of the neighbouring 
occupied adsorption sites as well as surface diffusion was implemented adapting 
the algorithm proposed by Meng et el.10 to simulate the TPD experiment, using 
our calculated values of the adsorption energy on TiC (001) at various coverage 
as starting parameters. Simulated TPD solves the apparent controversy agreeing 
with both previous and new experimental results presented. 
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Chapter 4 

Water gas shift reaction (WGSR) on 
Au/TiC novel catalyst 
 

The chapter reports a joint experimental - theoretical study elucidating the 
mechanism for the hydrogenation of CO2 on the Au/TiC system. The theoretical 
investigation has been made in collaboration between our laboratory and 
groups of IQTC-UB and experiments have been carried out at Brookhaven 
National Laboratory, BNL (USA). Results obtained have been recently submitted 
to publication1 and also gave the main motivation for all work reported in the 
next chapter. 

CO2 conversion is nowadays a brain-teaser problem for scientists around the 
world. It has central importance to solve global warming reducing the high 
quantities of this extremely pollutant gas emitted nowadays by human 
activities. In addition carbon dioxide can be the starting material for compounds 
further used as chemicals to produce fuels and alcohols. 

Reverse water gas shift reaction (RWGS) is an easy way to begin the 
reconversion process. In RWGS CO2 is reduced using molecular hydrogen and 
obtaining CO and water passing through several intermediates. The first step 
after the adsorption and activation of CO2 is normally the addition of hydrogen. 
Depending where attach occurs several formate isomers with different stability 
are produced. However after cleavage of one C-O bond all moieties can be in 
principle converted into methanol. Breaking the second C-O bond forms surface 
CHx (x = 0-3) units that can participate to heavier alcohols synthesis but also 
produce hydrocarbons through the Fisher-Tropsch (F-T) reaction, or be further 
reduced producing methane. 

Recent experiments2,3 performed on small gold nanoparticles adsorbed on 
single crystal TiC grown along the (001) direction reported very high reaction 
rates for CO2 hydrogenation. The same experiments pointed out that high 
production of methanol and carbon monoxide is favoured by low Au coverage 
and flat 2D nanoparticles. 
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In this study we firstly identified the minimum energy path (MEP) for the 
complete conversion of CO and water to CO2 and H2 characterising reactants, 
products, intermediates and transition states involved. By definition the MEP 
coincides for both direct and reverse reaction so any process can be studied in 
the direction we prefer and on top of that at working temperature the reaction 
is in equilibrium. For this reason only the pathway that brings from CO and 
water to carbon dioxide and molecular hydrogen will be discussed. Such 
process, known as Water Gas Shift Reaction, (WGSR), has its own importance as 
it is one of the most important ways used to produce molecular hydrogen4  

The identification of the transition states connecting the key stable 
intermediates of the WGSR allowed explain the good experimental activity seen. 
Comparing our new results obtained for the Au4/TiC (001) system with those 
obtained previously for the reaction on the clean TiC (001) surface the whole 
process can be understood. The support acts cleaving one O – H bond of water, 
producing the OH species that will later oxidize carbon monoxide. This step is 
followed by formate dehydrogenation and recombination of atomic hydrogen. 

In a second moment the kinetic information derived from the periodic density 
functional calculation was used for the ab-initio prediction of the reaction rates. 
On Au4/TiC the rate limiting step (RLS) for the reaction is predicted to be the 
cleavage of the O – H to form CO2, where the RLS on TiC (001) is the formation 
of the second C - O bond. 5 

The calculated rate constant for CO2 dehydrogenation is about a hundred 
thousand times slower on the supported gold nanoparticle than on TiC (001), 
where the formation of the second C – O bond is about 100 million times faster 
on Au4/TiC than on the bare support.5 These combined effects reflect the 
experiments identifying Au/TiC an active catalyst for the water gas shift 
reaction. 
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Charge Polarization at a Au-TiC Interface and the 
Generation of Highly Active and Selective Catalysts 
for the Low-Temperature Water Gas Shift Reaction. 
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Transition metal nanoparticles dispersed on oxides or carbon supports are 
among the most frequently used catalysts in the chemical and petrochemical 
industries. In principle, by selecting the right combination of metal and support, 
one could reduce substantially the energy necessary for chemical 
transformations and optimize the use of chemical feedstock.1 Metal-support 
interactions can have negative2,3 or positive4,5 effects on the catalytic properties 
of a metal. A major challenge in heterogeneous catalysis is to understand metal-
support interactions at an atomic level and use them to design highly active and 
selective catalysts.1,4,5 In the last decades, a large effort has been focused on the 
study of metal-oxide interactions.1 However, in recent years, it has become clear 
that metal carbides can be excellent supports for the dispersion of metal 
catalysts.6,7,8,9,10 The metal carbides have interesting catalytic properties on their 
own,11,12,13,14,15,16,17,18 and they also can modify the reactivity of a supported metal 
through chemical bonding.8,19 In this article we investigate the performance of 
Au/TiC(001) surfaces as catalysts for the water-gas shift reaction (CO +  H2O → 
H2 + CO2, WGS). The WGS is a key process in the industrial production of 
hydrogen.20,21 Commercial catalysts for the WGS usually involve mixtures Fe-Cr 
and Cu-Zn oxides, used at temperatures between 620-770 K and 470-525 K, 
respectively.20 These catalysts normally require lengthy and complex activation 
steps before usage. There is a general desire to find WGS catalysts active at 
relatively low temperatures (< 470 K).20 Metal-carbide based catalysts can 
accomplish this task6,14,17,18 but there are serious concerns about their stability 
and selectivity.14,18 Many metal carbides are sensitive to O2 or O-containing 
molecules in the reaction feed.11,14,18 On the other hand, metal carbides can be 
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very active for the breaking of the C-O bond in carbon monoxide11,22 and, in the 
presence of hydrogen, hydrogenate the produced C atoms to yield methane or 
higher alkanes.10,13,15,16,23 Our study indicates that the 1:1 metal-to-carbon ratio 
in TiC gives stability to this carbide substrate and prevents the cleavage of C-O 
bonds. Strong metal-support interactions make Au/TiC(001) a highly active and 
selective catalyst for the low-temperature WGS reaction. 

Fig. 1 shows the WGS activity for clean TiC(001) and Au/TiC(001) surfaces as a 
function of Au coverage. We found that the clean TiC(001) surface is able to 
catalyze the WGS, in agreement with the predictions of previous DFT 
calculations.17 In fact, at 450 K, TiC(001) displays a WGS activity larger than that 
of Cu(111), a typical benchmark in WGS studies.24 Metallic Au does not catalyze 
the WGS.25,26,26 In spite of this, the addition of Au to TiC(001) produces a drastic 
increase in the WGS activity of the system. A maximum in the production of H2 
and CO2 is observed at θAu ~ 0.15 ML. After this point, there is a gradual 
decrease in the WGS activity of Au/TiC(001). Studies of STM have shown that at 
coverage of 0.1 ML a large fraction of the Au particles exhibits a height of ~ 0.2 
nm with respect to the carbide substrate (Fig. 2).8,19 These small particles are 
two dimensional (i.e. one single Au layer) and have a diameter below 0.6 nm.8,19 

 

Figure 1. WGS activity of Au/TiC(001) and Au/TiO2(110) as a function of Au coverage. The reported 
values for the production of H2 (filled symbols) and CO2 (empty symbols) were obtained after 
exposing the catalysts to 20 Torr of CO and 10 Torr of H2O at 450 K for 5 min. 
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Figure 2. Distribution of Au particle heights seen in STM images for 0.1 and 0.5 ML of gold on 
TiC(001). Au was vapor deposited at 300 K and the Au/TiC(001) surfaces were annealed to 550 K 
before taken the STM images (ref. 19 in main text). 

The Au atoms in this particles are in direct contact with the C sites of the 
TiC(001) substrate undergoing a charge polarization25 that shifts electrons 
towards upcoming molecules (Fig. 3) and enhances their chemical reactivity.8,9,19  

At coverages above 0.2 ML, the gold form predominantly three-dimensional 
particles on TiC7,8,26 (i.e. the Au atoms exposed to the reactants are not 
electronically modified by interactions with the carbide support) and the 
chemical reactivity of the system decreases.8,19 In XPS experiments for the partial 
dissociation of water on Au/TiC(001), H2O → OH + H, we found an extremely 
high reactivity for surfaces that had a gold coverage below 0.2 ML (Fig. 4). 

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Chapter 4 

77 

 

Figure 3. Top: Bonding configurations for Au2 and Au4 on TiC(001). Bottom: Topological analysis of 
the electron localization function (ELF map, ref 25 in main text) for Au2 and Au4 on TiC (001). On 
the right side is shown a cut along a diagonal of the Au4 cluster. 

This is quite interesting because extended surfaces and isolated nanoparticles of 
gold do not dissociate the water molecule.27 Upon the dissociative adsorption of 
water on the Au/TiC(001) (θAu < 0.2 ML) systems, we observed a shift of 0.7-0.8 
eV in the Au 4f7/2 binding energy in XPS (Fig. 4), which is consistent with the 
formation of Au-(OH)x compounds on the surface. 
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Figure 4: Top: Intensity of the OH signal in the O 1s region of XPS after dosing 50 L of water at 300 
K to TiC(001) and Au/TiC(001) surfaces with different coverages of gold. Bottom: Corresponding 
shift in the Au 4f7/2 binding energy upon the dissociative adsorption of water on the Au/TiC(001) 
surfaces. At Au coverages above 0.2 ML, the reactivity of the Au/TiC(001) surface for water 
dissociation decreased with increasing Au coverage. 

These compounds are active species for the WGS reaction on Au/oxide 
catalysts.21,28 In Fig. 1, we compare the WGS activity of a series of Au/TiC(001) 
and Au/TiO2(110) surfaces with similar coverages of the admetal. At 
temperatures of 550 - 625 K, Au/TiO2 is known to be a very good catalyst for the 
WGS28,29 with an activity that is higher than that of Cu/ZnO30 which is used as an 
industrial WGS catalyst.20 The results in Fig. 1 indicate that Au/TiC(001) is a much 
better low-temperature WGS catalysts than Au/TiO2(110). This is corroborated 
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by the data shown in the Arrhenius plots of Fig. 5. The apparent activation 
energy for the WGS process decreases from 18 ± 2 kcal/mol on Cu(111) to 10 ± 3 
kcal/mol on Au/TiO2(110) and 8 ± 2 kcal/mol on Au/TiC(001). 

 

Figure 5. Arrhenius plots for the WGS on Cu(111), Cu(100), Au/TiO2(110) and Au/TiC(001) catalysts 
(20 Torr of CO and 10 Torr of H2O). Surfaces of metallic Au are not active for the WGS reaction. 
The data for Cu(111), Cu(100), Cu(111) and Au/TiO2(110) were taken from refs.[26,27]. The 
coverages of Au on TiO2(110) and TiC(001) were 0.4 and 0.15 ML, respectively. At these coverages 
maximum catalytic activity was observed for Au/TiO2(110) and Au/TiC(001). 
 
The apparent activation energy on Au/TiO2(110) is close to that found on 
Au/TiO2 powders, 11 kcal/mol.21,28 At relatively low temperatures (< 470 K), 
Au/TiC(001) exhibits a WGS activity that is observed on copper surfaces and on 
Cu/oxide or Au/oxide (oxide= TiO2, ZnO, CeO2, MgO) catalysts only at elevated 
temperatures (> 500 K).29,30 From the data points in Figure 5, we estimated 
turnover frequencies (TOFs) for Au/TiC(001) assuming that all the gold atoms in 
the catalyst were involved in the WGS process. This is a valid assumption since 
STM shows that at a low coverage of Au (~ 0.15 ML) the admetal grows forming 
a substantial amount of 2D islands on TiC(001).8,19 The estimated TOFs at 
different temperatures are shown in the top panel in Fig. 6. The bottom panel 
compares TOFs for several catalysts. 
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Figure 6. Top: TOFs for the WGS reaction on Au/TiC(001) at different temperatures. Bottom: 
Comparison of the TOFs for the WGS on Cu(111),26 Cu/ZnO(000ī),27 Au/ZnO(000ī),27 Au(111),26 
Au/TiO2(110)26 and Au/TiC(001). In all cases, the pressures of CO and H2O were 20 and 10 Torr, 
respectively. 
 
Again it is clear that Au/TiC(001) is an excellent catalyst for the WGS reaction. At 
450 K, the Au/TiO2(110) surface exhibits a TOF close to that reported for Au/TiO2 
powder catalysts, ~ 0.2 s-1,21 but much smaller than that seen for Au/TiC(001), 
3.2 s-1. Furthermore, a Cu/ZnO(000ī) surface, which models industrial Cu/ZnO 
catalysts,30 displays a TOF ~ 3 times smaller than that of Au/TiC(001) in spite of 
an increase of 125 K in the reaction temperature. As mentioned above, two 
important issues when dealing with the use of metal carbides as possible 
catalysts for the WGS are selectivity and stability.14,15,16,17,18 In many industrial 
operations, the WGS is performed under hydrogen rich conditions with mixtures 
of CO/H2O/H2 that come from the reforming of hydrocarbons.6,14 Under 
hydrogen rich conditions metal carbides such as Mo2C transform CO into 
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methane as a side reaction.15,22 Indeed, after exposing a Mo2C(001) surface to a 
CO/H2O/H2 mixture, we found products for the WGS and CO methanation (Fig. 
7). We carried out studies comparing the WGS process on Au/TiC(001) and 
Au/Mo2C(001) using CO/H2O/H2 mixtures. A gold coverage of ~ 0.15 ML was 
deposited on TiC(001) and on a Mo2C(001) surface.13 The results are summarized 
in Fig 7. Neither TiC(001) nor Au/TiC(001) produce methane as a reaction 
product. These catalysts only produce CO2 through the WGS reaction. 

 

Figure 7. Production of CO2 and CH4 after exposing TiC(001), Au/TiC(001), Mo2C(001) and 
Au/Mo2C(001) catalysts to a mixture of 20 Torr of CO, 10 Torr of H2O and 100 Torr of H2 at 435 K 
for 5 minutes. 
 
In general terms, Mo2C(001) is more active than TiC(001) for the conversion of 
CO, but the molybdenum carbide produces a significant amount of methane. 
The addition of Au to Mo2C(001) produces an excellent catalyst for the 
conversion of CO at low temperature, but it increases simultaneously the 
production of CO2/H2 and methane. In Figure 7, Au/TiC(001) is the best WGS 
catalyst in terms of activity and selectivity. It is known that the 1:1 metal-to-
carbon ratio in TiC(001) makes very difficult the cleavage of the C-O bond in 
carbon monoxide (COads → Cads + Oads, ΔE= + 1.65 eV).9,13 This 1:1 metal-to-
carbon ratio also makes TiC(001) less sensitive to the presence of water in the 
reaction feed.17 After 6 hours of operation we found no signs for deactivation of 
the Au/TiC(001) catalyst during the WGS (Fig. 8). 
 
In contrast, the Au/Mo2C(001) catalyst lost ~ 30% of its activity during the same 
period of time (Fig. 8). Mo2C powders and Mo2C(001) decompose the water 
molecule to form films of oxycarbides which have low catalytic activity.14,18 This 
deactivation process was negligible on TiC(001) and Au/TiC(001). 
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Figure 8 Production of CO2 as a function of time after exposing Au/TiC(001) and Au/Mo2C(001) 
catalysts to a mixture of CO/H2O/H2 at 435 K. Initial pressures: 20 Torr of CO, 10 Torr of H2O and 
100 Torr of H2. A coverage of 0.15 ML of Au was deposited on the TiC(001) and Mo2C(001) 
surfaces to generate the catalysts. 

 

DFT calculations were used to study the mechanism of the WGS reaction on 
Au/TiC(001). First, the bonding of CO and water was examined on Au4, Au13 and 
Au29 clusters supported on a TiC(001) slab (Fig. 3 and 9). Au13 consisted of two 
layers of 9 and 4 metal atoms. Au29 contained three layers of 16, 9 and 4 Au 
atoms. Both clusters ended in a Au4 unit as seen in Au4/TiC(001), Fig. 3, but in 
the case of Au13/TiC(001) and Au29/TiC(001) the tip of the gold cluster was not in 
contact with the carbide substrate, Fig. 9. The strength of the bonding 
interactions of water with the Au clusters increased following the sequence: 
Au29/TiC ≈ Au13/TiC << Au4/TiC, in agreement with the trend seen in our 
experiments for adsorption of water on Au/TiC(001), Fig. 2 and 4. 
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Figure 9: Au13 and Au29 clusters used to investigate the bonding of water to a Au/TiC(001) 
catalysts.  

 

Thus, the active sites for the WGS on Au/TiC(001) are small metal clusters in 
close contact with the support. Something similar has been reported for 
Au/oxide catalysts.21,28 Fig. 10 compares the calculated reaction profiles for the 
WGS on clean TiC(001)17 and Au4/TiC(001). The corresponding molecular 
structures for the reaction intermediates and transition states are displayed in 
Fig. 11. Our theoretical study indicated that the WGS reaction prefers the Au 
sites. The optimal path for the WGS on Au/TiC(001) follows and associative 
mechanism in which a HOCO species is formed after reacting CO with an OH 
group produced by the dissociation of water. The formation of a key HOCO 
intermediate has also been proposed in previous theoretical studies for the WGS 
on Cu(111),31 CeOx/Cu(111)32 and Au/TiO2(110).33 Table 1 lists the calculated 
reaction rate constants for the main steps of the WGS on Au4/TiC(001) based on 
the DFT calculations. It is remarkable that on Au4/TiC(001) the formation of the 
HOCO intermediate is an exothermic process that occurs with extremely low 
activation barriers which are significantly smaller than those found on TiC(001), 
0.87 eV,17 or pure gold, > 2eV.27 On clean TiC(001), the calculated rate constant 
at 300 K for the CO + OH à cis-HOCO reaction was only 3.20 s-1 site-1 17 while on 
Au4/TiC(001) the corresponding rate was 9.63·107 s-1 site-1. Surfaces of pure gold 
do not dissociate water.27 

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Water gas shift reaction (WGSR) on Au/TiC novel catalyst 

84 

 

Figure 10. DFT calculated energy profile for the WGS reaction on clean TiC(001)17 and Au4/TiC(001). 
The corresponding molecular structures are shown in Fig. 11. 

Table 1. Calculated barriers and rate constants at for main steps of the WGS on Au4/TiC(001). Eact 
is in eV/molecule and rate constants (RC) in s-1 site-1. 

Reaction Eact RC (300 K) RC(450 K) 

H2O à OH + H 0.37 5.44 x 105 6.49 x 107 

CO + OH à cis-HOCO 0.28  9.63 x 107 5.41 x 109 

cis-HOCO à  trans-OCOH 0.27 1.27 x 107 3.70 x 108 

OCOH à CO2 + H 0.70 1.32 1.06  x 104 
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Figure 11. Calculated DFT molecular structures for intermediates and TS of the WGS on a 
Au4/TiC(001) model catalyst. The corresponding energy profile is shown in Figure 10. Color code: 
yellow, Au; purple, C; grey, Ti; red, O; white, H.  

In contrast, the rate constant for the dissociation of water on a Au4 cluster 
supported on TiC(001) is 5.44·105 s-1 site-1 at 300 K. Thus, the charge polarization 
at the Au-TiC interface (Figure 3)8,25 drastically enhances the catalytic properties 
of gold. 
A detailed comparison of the behavior of Au on TiC(001) and TiO2(110) or 
ZnO(000ī) in Figure 6 points to stronger metal-support interactions on the 
carbide surface which make this substrate the best option for enhancing the 
WGS activity of Au. Charge polarization can also occur when Au is deposited on 
oxide surfaces,34 , 35 , 36  but it is usually weaker than seen on the TiC(001) 
substrate8,25 requiring a modification of the standard properties of the oxide 
surface. A perturbation of the electronic properties of Au is a preliminary step to 
enhance its chemical activity, and on oxides this task can be accomplished by 
introducing structural or electronic defects, by creating O vacancies, and by 
forming Au-(OH)x species.21,28,34,35,36 On the other hand, the simple deposition of 
Au on stoichiometric TiC electronically perturbs the gold.8,25 As a result, 
supported Au is able to dissociate water, a bottleneck on surfaces of pure gold,27 
and the other reaction steps for the WGS proceed on the admetal at a 
reasonable speed. In addition, the 1:1 metal-to- carbon ratio in TiC provides 
stability and prevents the transformation of CO into methane. Thus, in 
Au/TiC(001), one has a highly active and selective catalyst for the low 
temperature WGS reaction. 
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Experimental Section 

The Au/TiC(001) and Au/Mo2C(001) catalysts were prepared and tested in an 
ultrahigh vacuum chamber that has attached a high-pressure cell or batch 
reactor.13,30,33 Au was deposited on the metal carbide substrates following the 
methodology described in refs. 19 and 25. The procedures followed for the 
cleaning of the TiC(001) and Mo2C(001) surfaces are described elsewhere.13,19,25 
In the experiments, the WGS activity of the metal/carbide catalysts was tested 
under mixtures of CO/H2O or CO/H2O/H2.14,28,29 The CO gas was stored on 
aluminium tanks and cleaned of any metal carbonyl impurity by passing it 
through purification traps.  

The periodic DFT calculations estimated exchange and correlation energy using 
the PW91-GGA37 approximation as implemented in VASP.38 The wave function 
was expanded using a plane wave basis set whose associated kinetic energy was 
lower than 415 eV. A suitable net of 3×3×1 k points generated using Monkhorst-
Pack algorithm was used to perform integration in the reciprocal space.39 The 
Au4 cluster was adsorbed on a 3(√2×√2)R45º supercell and fully relaxed together 
with all adsorbates and the two upper layers of the slab until forces were 
smaller than 0.02 eV Å-1. About 10 Å of vacuum perpendicular to the surface 
avoided interaction between repeated images. Transition states were identified 
using CI-NEB algorithm.40 All structures were characterised as proper minima or 
saddle points by vibrational analysis. Reaction rate constants (T= 300 or 450 K) 
were estimated from standard transition state theory including the calculation 
of the vibrational partition function as detailed elsewhere.17 
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Chapter 5 

Syngas reactivity on Au/TiC system 
 

This chapter investigates the hydrogenation of carbon monoxide on the clean 
TiC (001) surface support and on Au4 and Au6 nanoparticle models adsorbed 
thereon. Results obtained are resumed in the draft reproduced after this 
introduction and will be soon submitted for publication.1 

Theoretical results presented in the previous chapter together with recent 
experimental data demonstrated that small gold nanoparticles adsorbed on TiC 
are able to catalytically hydrogenate carbon dioxide producing CO and, to a 
lesser extent, methanol.2 Our periodic DFT study using the Au4/TiC (001) model 
system demonstrated that the catalyst is able to cleave one C – O bond from the 
hydrogenated carbon dioxide at low temperature agreeing with the 
experimental detection of high quantities of CO that populates the surface of 
the catalyst and the gold nanoparticles. From previous theoretical studies it is 
known that small Au nanoparticles adsorbed on the (001) surface of TiC can 
easily dissociate molecular hydrogen and that carbon monoxide adsorbs slightly 
stronger on the surface carbons than on the nanoparticle.3,4 Consequently CO 
hydrogenation was considered to be one probable way for methanol 
production. 

The first part of the work focused on the reactivity of syngas (a mixture of CO 
and H2) on the bare support. A wide reaction network was studied including the 
whole pathway leading to formaldehyde, H2CO. 

This reactive pathway is thermodynamically viable despite of the small 
endothermicity of the process and it is the kinetically preferred between those 
explored, but it is still highly hindered due to activation barrier higher than ~1.3 
eV. The activation energies calculated for the cleavage of C – O bond of carbon 
monoxide or HCO were higher than ~2.4 eV make also these processes rare 
turning TiC (001) inert toward syngas. 
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HCO formation through carbon monoxide hydrogenation was then studied on 
two 2D small nanoparticles models: Au4 and Au6. The crucial difference between 
the two models relies on the effect of their structure on the geometry adopted 
by the reactants during the formation of the new C – H bond. In fact, the smaller 
Au4 adopts a square geometry and presents just one kind of atoms here referred 
as “corner” whereas Au6, whose atoms occupy two adjacent rows of surface 
carbons, presents also another kind of gold atoms, defined as “edge”. This 
feature, present on the Au6 cluster allows the reactants to get closer when co-
adsorbed, and the bond formation turns to be a coplanar movement of CO and 
H. In the case of Au4 the reactants adsorb on adjacent gold atoms, and need to 
move along nearly perpendicular planes to form the new bond. This subtle 
difference results in a change in calculated activation energy that passes from 
the 1.80 eV, calculated for the reaction on the bigger cluster, to 1.93 eV for the 
reaction on the smaller Au4 cluster. Those activation energies are high enough 
to consider impossible any further hydrogenation. No other path for COH 
formation was found resulting in a lack of catalytic activity not substrate but 
reactant dependent. 

However this study helps to shed light on the reaction mechanism for methanol 
synthesis on Au/TiC. Our previous results about the water gas shift reaction 
(WGS) on Au/TiC, where CO2 and molecular hydrogen are formed from carbon 
monoxide and water, pointed out the carboxyl mechanism as the most 
favourable despite of the redox one, involving the partial dissociation of water 
followed by the oxidation of CO and the formation of carboxyl. However none 
was anticipated about the formation mechanism of the methanol detected in 
the experiments. It can in principle come from subsequent reductions and 
dissociation of some CO2 hydrogenation intermediates or from direct carbon 
monoxide hydrogenation. Considering these last theoretical results this second 
hypothesis can be definitely discarded. 
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Introduction 

CO2 hydrogenation helps to reduce the high quantities of this extremely 
pollutant gas emitted every year by human activities and obtain compounds 
that can be further used as chemicals to produce fuels and alcohols. This is a 
new, cheap and green source of C1 molecules triggering the latest researches for 
catalysts that overpasses the nowadays “traditional” coinage metals supported 
by transition metals and transition metal oxides. A new type of catalyst that 
showed promising applications is formed by gold nanoparticles supported by 
transition metal carbides (TMC). From the capital work of Haruta1 showing the 
surprisingly high catalytic activity of gold nanoparticles smaller than 10 nm 
despite the lack of reactivity of the bulk material, a huge number of theoretical 
and experimental studies arise, investigating activity towards various industrially 
relevant reactions and size-tunable properties.2,3,4,5 These studies showed what 
influence chemical activity, how the structural flexibility plays a very important 
role in the stabilization of reaction intermediates6 and demonstrating that it is a 
common feature of gold nanoparticles in spite of their dimensions.7 Since the 
1970's it is well known that early TMC have noble-metal-like properties and 
shows reactivity similar to Pt, Ru or Rh.8,9 Many TMC form the same reaction 
intermediates found on noble metals surfaces, that differs from those found on 
the parent transition metal surfaces.10 Their peculiar structural and electronic 
properties have been studied extensively11 pointing out the important charge 
transfer from the metal to the carbon atoms. Also recent studies demonstrated 
decomposition of ammonia on Mo2C12 and on the same carbide hydrogenation 
of CO was also studied13. Catalysts made of metal monolayers supported by 
TMC substrates have been also explored as a possibility to reduce the amount of 
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expensive noble metals used. Deposition on TMC enhances the catalyst activity 
if compared with other supports.9 Between all possible TMC combinations 
titanium carbide shows good qualities as support for gold nanoparticles and as 
catalyst in a variety of reactions.14,15 Theoretical studies demonstrated how the 
Au-TiC interaction produces a charge polarization from the support to the 
nanoparticle that enhances the activity toward the dissociation of small 
molecules such as H2, O2 and SO2.16,17,18 Many studies concentrated on the 
description of the electronic and structural properties of the bulk material, the 
stability of low index surfaces, the adsorption of atoms and small molecules and 
reactivity.11,19,20,21,22,23 From all stated above the composed Au-TiC system is a 
promising catalyst for CO2 hydrogenation and in fact a recent study showed how 
Au-TiC outperforms industrial Cu/ZnO catalyst (under the same experimental 
conditions) in the synthesis of methanol. State-of-the-art DFT calculations and 
experiments on single crystals showed that CO2 is activated after adsorption on 
the Au-TiC catalyst and that methanol production increases if substituting gold 
with copper.24 Later, new experimental and theoretical results highlighted that 
nanoparticles ability to adsorb and activate CO2 is sensitive to the noble metal 
atoms coordination demonstrating that low coordinated atoms increase the 
catalytic activity of small nanoparticles and one-atom thick clusters adsorbed on 
the carbide are extremely reactive.25 This means that the activity is related with 
the fraction of gold atoms subjected to a strong polarization of its charge 
density by the support and that small flat nanoparticles are more active that big 
three dimensional ones. The work identified HOCO as key intermediate in the 
mechanism for CO2 reduction to methanol on the Au-TiC system, leaving the 
open question if methanol was generated from witch of the two traditionally 
accepted pathways, the hydrogenation of CO generated by reverse water gas 
shift reaction (RWGS), or the reduction of the formate (HCOO) obtained from 
HOCO isomerization, or from both. 

Analyzing in detail the reaction mechanism of CO hydrogenation on the Au-TiC 
model catalyst it will be shown that it is possible to exclude the RWGS pathway, 
pointing out HCOO as the determinant intermediate in CO2 reduction. Such 
information is useful to systematically improve the production of methanol or 
others reduced compounds stabilizing the HCOO species, increasing the 
effectiveness of the Au-TiC catalyst. 

 

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Syngas reactivity on Au/TiC system 

94 

Computational Details 

The theoretical results presented were obtained using the VASP package.26,27 
The exchange and correlation contribution to the total DF energy has been 
calculated using the PW91 form28,29 of the generalized gradient approximation. 
Geometrical optimization of the adsorbate structures has been performed using 
conjugate gradient or Newton-Raphson algorithms until forces on every relaxed 
atom were smaller than 0.02 eV/Å, where the wavefunction convergence 
criteria used was 1 10-6 eV. The valence electron density has been expanded 
using a plane wave basis set with an associated maximum kinetic energy of 415 
eV. Core electrons have been treated using the projected augmented wave 
(PAW) method of Bloch [30], as in the implementation of Kresse and Joubert.31 A 
3×3×1 k points mesh generated using the Monkhorst-Pack algorithm32 has been 
used for numerical integration in the first Brillouin zone. The (001) surface of 
the material has been modeled using a 3(√2 × √2) supercell (72 TiC units plus the 
4 or 6 gold atoms of the nanoparticle) constructed with 4 layers, the bottom 
two frozen to the optimize bulk parameter, 4.328 Å, and the upper two fully 
relaxed during the optimization together with gold atoms and adsorbates. The 
surface was separated by 10 Å vacuum from its images repeated along the z-
axes avoiding self-interaction. This computational set up and the surface model 
was already used and described elsewhere22, and have shown to be enough 
accurate for the purpose of this work. The transition state (TS) structures 
initially guessed through the CI-NEB33 method have been refined using the 
Dimer method34 and verified by vibrational analysis. During the reaction the 
nature of adsorbates change together with the strength of the induced surface 
distortion. For this reason gold atoms where explicitly included in every TS 
search, and in some cases it was of crucial importance also include the upper 
layer of the slab. All adsorption energies reported are calculated as: 

Eads = Emol+surf – Emol – Esurf 

Where Emol+surf refers to the total energy of the molecules adsorbed on the slab 
model, Emol is the sum of the total energies of the gas phase CO and H2 
molecules, and Esurf is the total energy of the relaxed surface. Within this 
formalism, stronger interactions result in more negative adsorption energy 
values. 
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Reactivity on the clean TiC (001) surface. 

As stated above, exploring the hydrogenation of CO on the Au-TiC system will 
enable us to determine the unique pathway for CO2 reduction. Firstly is 
important to determine the reactivity of the CO with the bare support because 
adsorption on (001) clean surface is preferred for low coverage22 and the 
surface is already covered by atomic hydrogen that spills over from the 
nanoparticle,16 so statistically hydrogenation occurs more probably on the 
surface of the support than on the nanoparticle. Carbon monoxide experiments 
an adsorption energy of -1.52 eV, calculated when the molecule interacts with a 
carbon atom of the surface. Dissociative adsorption of one hydrogen molecule 
brings the system 2.48 eV beyond the molecular desorption level. Previous 
studies demonstrated that atomic hydrogen diffuses freely on the surface and 
can react with species adsorbed. Nevertheless diffusion of CO to the closest Ti 
atom on TiC (001) is prevented by a very high energy barrier of 1.41 eV.  

First hydrogenation of CO is often the rate limiting step in syngas reactivity on a 
variety of substrates, due to the high adsorption energy and stability of carbon 
monoxide, and reaction barriers are often higher than 1 eV.35 The addition of 
the first hydrogen on the C atom of carbon monoxide is barely endothermic 
(+0.29 eV), but highly impeded by an activation energy of 1.92 eV. The reaction 
involves the coordination of the hydrogen by both surface Ti and C atoms, 
together with the formation of a Ti-O bond (see fig. 1). It was not found any 
pathway for hydrogen attach on the oxygen atom. The formation of COH is 
possible only through HCO isomerisation, but the process is endothermic with 
reaction energy of +0.85 eV and it is prevented by the extremely high energy 
barrier (2.91 eV). 

The addition of the second hydrogen leading to surface HCOH is highly 
endothermic, and the system have to overcome an energy barrier of 1.38 eV, 
similar to that calculated for the same reaction on other materials, although the 
formation of the surface HCOH is favored respect to the gas phase reactants by -
1.41 eV. The transition state, where the H atom interacts simultaneously with 
the oxygen atom of HCO and surface C (see Fig. 2), lies by 0.82 eV under the 
desorption limit.  
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Figure 1 From left to right: reactants, transition state and product of the first hydrogenation of 
carbon monoxide [CO + H → HCO] on the clean (001) surface of TiC. Side and top view are 
sketched respectively in the upper and bottom part of the figure. Color legend: Ti (silver), C (cyan), 
O (red), H (white). 

 

No transition state has been found for addition of the second hydrogen directly 
on the C atom. The hydrogenation of CO on the surface of the support is highly 
disfavored by both thermodynamics and kinetics, due to the high activation 
energies calculated for the attach of the first hydrogen to the endothermicity of 
the process, so the reaction will not proceed. However a small amount of HCOH 
will populate the surface, and at this point it is worth to ask if some valuable C1 
product can be obtained. For example HCOH can isomerize to formaldehyde 
(HCHO) forming the second C-H bond, and the process is exothermic by -0.1 eV. 

However the energy barrier calculated is very high (1.84 eV) and the transition 
state structure, featuring a 3-term-ring (see Fig. 3)fig. SI 2), is unstable respect 
to gas phase molecular hydrogen and carbon monoxide by 0.44 eV.  
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Figure 2: From left to right, reactants, transition state and product for the reaction: HCO + H → 

HCOH  on the clean (001) surface of TiC. Side and top view are sketched respectively in the upper 

and bottom part of the figure. Colour legend: Ti(silver ), C (cyan), O(red), H(white) 

 

Figure 3: From left to right, reactants, transition state and product for the isomerization of HCOH 

to produce adsorbed formaldehyde (HCHO) on the clean (001) surface of TiC. Side and top view 

are sketched respectively in the upper and bottom part of the figure. Color legend: Ti (silver), C 

(cyan), O (red), H (white)  
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This means that, at this point, just a small part of the molecules will isomerize to 
formaldehyde, and the reaction will proceed backwards. Cleavage of C-O bond 
is necessary step for methane production. Dissociation of adsorbed CO (and 
HCO) to produce atomic oxygen and carbon (or O and CH units) is generally 
hindered by activation energy of few eV.36,37 Experimental results on TiC (001) 
showed no methane production during CO2 reduction, in agreement with the 
activation barrier of 2.99 eV calculated for CO direct dissociation and of 2.44 eV 
for HC-O bond cleavage. Methane production detected on nanopowders38,39 can 
be interpreted as a direct consequence of surface roughness. On a kink site CO 
adsorbs strongly and the carbon atom substitutes the missing surface carbon. 
The oxygen interacts with a Ti atom present largely increasing the CO bond 
distance.21 A graphical resume of the reaction network studied on the clean 
surface is reported in Fig. 4. 

 

Figure 4: Calculated reactions network on the clean TiC (001) surface. In the model two adsorbed 
hydrogen atoms were explicitly included. Reaction energies (out of parenthesis) and activation 
barrier (in parenthesis) are reported in eV. 

 

Reactivity on supported Au nanoparticles 

We showed above that the contribution of the bare support to CO 
hydrogenation is negligible, so the contribution to the total methanol 
production has to come from the hydrogenation on top of the gold 
nanoparticles. Latest experiments on CO2 reduction pointed out that the flat 
and small gold nanoparticles were more active than the 3-dimensional ones. In 
this study gold nanoparticles adsorbed on TiC (001) have been modeled with 
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two flat models of 4 and 6 atoms. The four atoms model has been widely used 
in previous investigations, predicting dissociation of hydrogen and activation of 
CO2. Gold atoms are adsorbed on top of surface carbon showing a square shape, 
on top of witch hydrogenation can occur. We will focus on attach of the first 
hydrogen because it seem to be the rate determining step of the process. Let’s 
consider the hydrogenation on the smaller Au4 flat cluster: CO adsorbs with 
moderate strength (-1.32 eV), C down, on top of a gold atom. 

 

Figure 5: From left to right, reactants, transition state and product of the first hydrogenation of 
carbon monoxide [CO + H → HCO] on the smaller Au4 nanoparticle model. Gold atoms are 
adsorbed on surface carbons in a 4-fold symmetry. Following the mechanism (i) (see text) 
hydrogen diffuses from a neighboring gold atom, approaching the carbon monoxide. In the 
transition state H coordinates both gold atoms, CO tilts and oxygen goes closer to the gold atom 
that will coordinate HCO. Hydrogen transfer and CO tilting occur on nearly-perpendicular planes. 
Color legend: Ti (silver), C (cyan), O (red), H (white), Au (gold). 

 

Dissociative co-adsorption of H2 brings the system -2.51 eV beyond the gas 
phase reactants (-2.46 eV if H and CO adsorb on first neighbors gold atoms, 
called Au and Au' – refer to the inset in fig 6 for a graphical explanation of this 
notation, that will be used throughout the following discussion). In this 
structure, atomic hydrogen directly interacts with one gold atom, where the 
other remains far from the gold cluster, adsorbed on a surface carbon. HCO 
formation on top of the cluster is not favorable, being endothermic by 0.66 eV. 
This means that the reduction on top of the Au4 cluster will be disfavored due 
to the endothermicity of the process, but still possible. When adsorbed in its 
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most favored geometry, C and O atoms of HCO interact with two first neighbor 
gold atoms. Using our model, it can occur with (at least) 3 mechanisms, (i) the 
migration of the hydrogen on the carbon of CO and the subsequent approach of 
the oxygen to another gold atom, (ii) the simultaneous migration of both CO 
and H on an empty first neighbor gold atom in between, or (iii) the diffusion of 
CO to a neighboring gold atom with subsequent insertion into the Au-H bond. 

According with the neighbor notation presented in the inset of Fig. 6: 

Mechanism (i)    Au'-H + Au-CO → Au-HCO 

Mechanism (ii)    Au''-H + Au-CO → Au'-HCO 

Mechanism (iii)    Au'-H + Au-CO → Au'-HCO 

Mechanism (ii) and (iii) are depicted in fig. 5. Mechanism (i) and (ii) require the 
movement of the reactants over two nearly-perpendicular planes impeding the 
reaction. Mechanism (iii) can be seen as a CO insertion in the Au-H bond. This is 
a usual mechanism in homogeneous catalysis, although in this case it requires 
the migration of carbon monoxide from a gold atom to another. In this case the 
movement of CO and the elongation of the Au-H bond occur along the same 
plane. Transition states for mechanism (i) have been identified, and 
characterized with just one imaginary frequency associated to the normal mode 
that brings the hydrogen atom from an Au' atom to the C atom of CO, that 
simultaneously tilts, approaching the oxygen to the other Au'. Structures of 
reactants, transition state and product involved in mechanism (i) are presented 
in Fig. 5. The energy barrier calculated is 1.93 eV, making this process largely 
disfavored but in principle possible because the transition state structure lies 
0.54 eV beyond the desorption limit. No transition state has been identified for 
mechanism (ii), even if the co-planarity surely favours the process, nor for 
mechanism (iii), that implies the simultaneous movement of H and CO. It is 
possible that the CO migration is the factor that impedes the hydrogenation in 
both mechanisms. The lack of activity of the Au4 cluster is possibly due to the 
high distorted structure of a feasible transition state, imposed by the cluster’s 4-
fold symmetry. To avoid this geometrical constrain a cluster composed by 6 gold 
atoms, adsorbed in two adjacent rows of surface carbons, has been constructed 
and optimized. The model now features 2 different kind of gold atoms, those in 
the corner and those in the edge of the cluster. 
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Figure 6: Representation of others possible pathways for the HCO formation on top of the Au4 
cluster model. Mechanisms (i) and (ii) impose a simultaneous movement of CO and H along two 
different, nearly perpendicular planes, reaching the final structure where the Au-C and Au-O 
interaction are both present. In the CO insertion -mechanism (iii) in the text- both interactions are 
produced through a coplanar movement of the reactants. Top and oblique view are reported in 
the upper and lower part of the figure, respectively. A schematic representation of the gold 
neighbors notation used in the text is presented in the inset. Colors legend: Ti (silver), C (cyan), 
O(red), H(white), Au (gold). 

 

Although the difference with the Au4 model can seem subtle, adsorbate 
geometry can vary considerably, together with reaction mechanism. On Au6 
HCO prefers to adsorb on an edge gold atom, with oxygen pointing outside of 
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the cluster. This means that reduction of CO adsorbed on a gold atom in the 
edge of the Au6 cluster can occur easily through attach of hydrogen adsorbed on 
the other row. In this case, attach of hydrogen from behind and simultaneous 
tilting of CO out of the cluster will occur on the same plane. Reactants, 
transition state and product identified for the reduction on the Au6 gold cluster 
are sketched in Fig 7. On this bigger cluster, the reaction is highly endothermic 
by 0.56 eV, with activation energy of 1.80 eV. This means that the Au6 system is 
just slightly more active than the clean TiC (001) surface to reduce CO. 

 

7 Figure 3: From left to right, reactants, transition state and product of the first hydrogenation of 
carbon monoxide [CO + H → HCO] on the bigger Au6 nanoparticle model. Gold atoms are arranged 
in two rows, each atom directly interacting with a carbon of the surface. This geometry presents 
both edge and corner gold atoms, allowing a coplanar movement of reactants favoring the 
reaction. Color legend: Ti (silver), C (cyan), O (red), H (white), Au (gold). 

 

The energy barrier decreases of about 0.12 eV respect to the clean surface and 
0.13 eV respect to Au4. These results together with experiments previously 
reported indicate the role played by HCOO in CO2 reduction. The formate path 
for CO2 reduction on the Au-TiC system can be now identified as the 
predominant (if not the only) process participating in methanol production. A 
comparative energy profile for the reaction of the three different substrates 
used is reported in Fig.8. 
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Figure 8: Comparative energy profile for attach of one hydrogen atom to CO on the clean TiC (001) 
surface and on the two models of gold nanoparticle used (Au4 and Au6). Arrows represent the 
heigh of the activation energy barrier. All energies are in eV. 

 

Conclusions 

Recent experimental studies indicated Au-TiC system as a promising candidate 
for the catalytic hydrogenation of CO2 to methanol, highlighting how the highest 
activity was obtained when adsorbing small, flat, one atom thick nanoparticles. 
Production of CO (but no methane) was detected and DFT calculations identified 
HOCO as a key intermediate. Nothing was anticipated about the pathway 
followed during the hydrogenation but that it will follow the two traditionally 
accepted routes, the hydrogenation of CO generated by RWGS or the reduction 
of formate produced by HOCO isomerization. In this study the hydrogenation of 
CO has been studied in detail on the clean (001) surface, where CO prefers to 
adsorb, obtaining a high reaction barrier of 1.92 eV that prevent the reaction. 
Hydrogenation on top of Au4 4-fold cluster occurs with a similar high activation 
barrier (1.93) probably due to the geometric constrain imposed by the 4-fold 
symmetry that does not allow a coplanar movement of the reactants. On the 
bigger Au6 cluster the presence of both edge and corner atoms allows a 
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coplanar movement and calculated activation energy for attach of the first 
hydrogen is lower, but however extremely high. For this reason the quantity of 
methanol produced by this route will be negligible. The formate pathway can be 
considered positively as the predominant pathway involved in the methanol 
production from CO2 on the Au-TiC model catalyst. 
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Chapter 6 

Adsorption of coinage metals on  
δ-MoC 
 

The previous chapters presented results obtained on titanium carbide studying 
structural properties, interaction with gold nanoparticles and the catalytic 
properties of the novel Au/TiC system. Now we will focus on another transition 
metal carbide, which shares important properties with TiC but have also crucial 
differences. 

Investigation on molybdenum carbides begun long time ago1 and are now 
triggered by new experiments exploring surface activity as well as their 
applicability as activating support for noble metals. Good results were obtained 
for hydrogenation of CO and CO2 

2,,4 but also for processes such as C-C versus C-
O scission,5 water-gas shift reaction,6 thiophene hydrodesulfurization and 
methane reforming among others.7,8 

The plural used above to refer to molybdenum carbides was not casual. In fact 
various stable and metastable phases exist, such as orthorhombic, hexagonal 
and rock-salt cubic structures; the former two are found in Mo2C and the latter 
corresponds to the stable phase for the MoC stoichiometry. Despite the 
orthorhombic phase (normally referred as β-Mo2C) is generally considered as 
the most stable bulk phase recent theoretical studies predicted lowest cleavage 
energy for the (001) surface of δ-MoC.9 Real catalyst nanoparticles are 
polycrystalline presenting a mix of phases where the cubic is definitely present. 
The (001) surface of δ-MoC then will be a non-negligible fraction of the surface 
exposed. 

This chapter is focused on the interaction of Au, Cu and Ni noble metal atoms 
adsorbed on the (001) surface of the cubic δ-MoC. The theoretical results 
presented here have been obtained in collaboration between the Quantum 
Chemistry Group at the Universitat Rovira i Virgili, the Computational Materials 
Science Laboratory, CMSL, of the Universitat de Barcelona, and the Brookhaven 
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National Laboratory (BNL-USA). They have been published recently and are 
reported hereafter.10 

The adsorption of single Au, Cu and Ni atoms is the first step when studying the 
interaction of bigger metal clusters with some support. It is useful because 
several properties are normally conserved for bigger clusters, for example 
preferred adsorption site, adsorption energy trends and direction and entity of 
the charge transfer between adsorbate and support (if present). 

These elements were chosen because of their proved catalytic activity when 
adsorbed as atoms or small clusters on TMC surfaces.11 Information about the 
interaction with MoC cubic phase also helps to rationalize common 
characteristics of all rock-salt cubic TMC, the majority of the carbides of groups 
IV-VI. Comparing the adsorption of the same elements on different rock-salt 
TMC it is possible to evaluate the effect of extra d electrons on structural 
properties or chemical activity of the composed noble metal – TMC system. 

Firstly, the interaction of Au, Cu and Ni atoms was studied as a function of the 
coverage using supercell models of several sizes. We explored coverage ranging 
from 0.25 to 0.028 ML. The main difference between those models stays in the 
number of relaxed atoms explicitly included in the geometrical optimization. 
Higher coverage is reproduced using a smaller surface model and smaller is the 
number of relaxed degrees of freedom of the surface. It will be shown that this 
can lead in errors in both adsorption geometry and energies. 

This work followed several systematic investigations on the interaction of noble 
metal atoms with the (001) surface of rock-salt TMC and how different 
substrates influence the catalytic activity of the composed noble metal – TMC 
catalyst.12,13 Unfortunately those earlier works did not account for the in-plane 
relaxation but just for that along the direction perpendicular to the surface. In 
this way the principal effect that stabilizes the atom on the surface is lost. 

The capability of the surface to accommodate the adsorbed metals and the 
strength of the interaction depends of the fraction of the sites occupied. For 
lower coverage the substrate can relax more and the area of the hollow sites 
where atoms adsorb increases up to ~25%. This fact results in a decrement of 
the perpendicular distance between the atom and the surface together with an 
increment of the strength of the interaction. The direction of the charge transfer 
between the surface and the adatom is always determined by the 
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electronegativity of the pure elements (i.e. adsorbed Cu and Ni become 
positively and Au negatively charged). For higher coverage the extent of the 
charge transfer decreases together with the shift of the d-band center to more 
positive energies getting closer to the Fermi level. This fact infers an increment 
in the catalytic activity, predicted to be in the order Ni > Cu > Au. 
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Chapter 7 

Reconstruction of the C-terminated  

β-Mo2C (001) surface  
 

The theoretical investigation presented in this chapter has been made in 
collaboration between our laboratory in the Universitat Rovira I Virgili, the 
Computational  Material Science Laboratory of the Universitat de Barcelona, 
CMSL, the Brookhaven National Laboratory, BNL (USA) and the University 
College London, UCL (UK). Results obtained have been recently submitted for 
publication.1 

In this chapter we have used periodic DFT calculations to predict and evaluate 
the stability of possible morphologies for the C terminated (001) surface of β-
Mo2C. New experimental and theoretical works pointed out the interesting 
catalytic activity of this material toward CO and CO2 hydrogenation,2,,4 methane 
reforming,5,6 water-gas shift reaction,7 thiophene hydrodesulfurization and C-C 
versus C-O scission.8 The (001) surface of the β- phase is one of the most studied 
because of its stability, but also its intrinsic reactivity. Along the [001] 
crystallographic direction the material is made by alternated C or Mo layers and 
the simple bulk cut termination will present a finite dipole perpendicular to the 
surface, due to the different formal atomic charges of C and metal atoms. 
Following the classic concept developed by Tasker9 such termination should 
undergo an important reconstruction that will minimise the mentioned dipole. 
This is true indeed for metal oxides, although the metallic character of TMC can 
help to reduce the perpendicular dipole stabilising the polar C terminated 
surface. Experimental determination of the C-terminated surface is however 
difficult because the electronic states in the proximity of the Fermi level belong 
to deeper Mo atoms, where the Mo terminated is highly reactive and after 
preparation reacts immediately.10 DFT based calculations can shed light on the 
surface morphology with no additional bias but the accuracy of the theoretical 
methods used. 
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Various polar and non-polar reconstructions of the C-terminated β-Mo2C (001) 
surface are analyzed including also the polar bulk-like termination. Non-polar 
reconstruction halves the number of C atoms in the upper layer of the slab and 
places it under the bottom layer, obtaining repetition units along (001) direction 
with no perpendicular dipole. We guessed then several possible motifs, or 
arrangements, for the surface C atoms of the upperlayer of the non-polar 
structures. 

In all cases the calculated atomic charges are similar, suggesting an important 
ionicity despite of the metallic character of TMC. Work function also does not 
change sensibly indicating a similar electronic structure quite independent from 
the surface morphology. Structural analysis showed that polar surfaces suffer a 
reduction of the interlayer distance between the upper C layer and the metallic 
sublayer, where for non-polar surfaces the contraction involves all slab. Such 
local surface contraction helps reducing the dipole stabilizing the system. 

The analysis of the calculated cleavage energy demonstrated that the non-polar 
C-terminated surfaces are always more stable and, for this reason, most 
probable. It is predicted by Boltzmann analysis that the non-polar surface 
represents the extended terminations seen under thermodynamic equilibrium. 
At low temperature the motif with lowest cleavage energy will be the only 
present but at higher temperature others non-polar motifs will be present, with 
a small but not negligible contribution of polar domains. Those motifs 
qualitatively reproduced the surface structures detected by older STM and LEED 
experiments.11,12 For this reason we reproduced STM images for the most stable 
motifs. Our images nicely agree with the experiments and confirmed the 
important contribution of the Mo states to the valence band in the proximity of 
the Fermi energy. 
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Abstract 

Periodic density functional theory (DFT) calculations have been used to study 

the stability of five different C-terminations of the Mo2C(001) surface in the 

most stable orthorhombic (β) phase of this important material. The different 

terminations all have similar values of the work function or atomic charges, 

indicating a similar electronic structure, although the analysis of the cleavage 

energy suggests that the non-polar C-terminated surfaces will be the extended 

terminations seen under thermodynamic equilibrium. Nevertheless, the 

calculated DFT cleavage energy values together with statistical arguments 

indicate that different C-terminated motifs are likely to co-exist even at 

temperatures just below annealing conditions. 
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Introduction 

The catalytic properties of molybdenum carbides have been of interest to 

researchers for a considerable time1 but more recently these materials have 

experienced renewed interest after a number of experiments explored their 

surface activities towards processes such as CO and CO2 hydrogenation,2-4 C-C 

versus C-O scission,5 water-gas shift reaction,6 thiophene hydrodesolfurization, 

and methane reforming.7,8 Following previous work that systematically explored 

the activation of metal nanoparticles supported on early transition metal 

carbides towards molecular O2 and H2 dissociation9,10 or SO2 decomposition11,12 

(see also ref 13 and references therein), new experimental8 and theoretical14 

studies employed Mo2C as an active support for noble metal catalysts. 

Molybdenum carbide has various stable and metastable phases such as 

orthorhombic, hexagonal and rock-salt cubic structures; the former two are 

found in Mo2C and the latter corresponds to the stable phase for the MoC 

stoichiometry. The orthorhombic phase (normally referred as β-Mo2C) is 

generally considered as the most stable. Particularly, detailed theoretical 

studies exploring the stability of the different β-Mo2C surfaces, have identified 

that the β-Mo2C(001) is the most stable surface.15 Along the [001] direction, the 

material is made up of alternating carbon and metal layers, allowing two 

different terminations of either Mo or C; the latter was predicted to be the 

more stable and consequentially the most common surface.15,16 The 

Mo−terminated surface has also been prepared, characterised and used in 

several experimental works in the past years showing high reactivity,17 which is 

frequently attributed to a high surface energy caused by the exposure of Mo 

atoms with a relatively low coordination number. On the other hand, the C–

terminated surface always displayed a less defined structure with the resulting 

structure strongly dependent on the methodology and temperature of 

preparation.18-21 Such intrinsic instability can be ascribed to the inherent polarity 
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of the (001) surface since Mo2C exhibits a large degree of ionic bonding 

character with calculated net charges on the C atoms of approximately -2 (see 

Table 1) 16 Extending the classic concepts developed by Tasker to estimate the 

stability of metal oxide surfaces22 to transition metal carbides, the β-Mo2C bulk 

cut through the (001) plane is classified as a type III surface. Hence, once the 

surface is generated, for instance by sputtering, an atomic rearrangement takes 

place to avoid the polarity perpendicular to the surface plane leading to other 

terminations with lower surface energy; one of the possible surface 

reconstructions is shown in Figure 1. Indeed, this type of surface reconstruction 

agrees well with findings arising from low energy electron diffraction (LEED) and 

scanning tunnelling microscopy (STM) experiments, where the bulk-truncated 

structure is always reconstructed but also depends on the stoichiometry of the 

surface,19 namely on the carbon coverage.  

 

Figure 1. Schematic representation of β-Mo2C(001) C-terminated, extending the classifications of 

Tasker to transition metal carbides. (A) is the bulk-cut surface, classified as type III following 

Tasker notation, and (B) is one possible surface reconstruction to avoid the perpendicular surface 

dipole µ. Colour code: cyan spheres are C atoms and brown spheres are Mo atoms. 

In the present work we report a systematic study aimed at predicting the 

stability of various atomic rearrangements of the C-terminated β-Mo2C(001) 

A B 
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surface. In addition to the arguments arising solely from calculated energy 

values, which do not take into account temperature effects, we also estimate 

the presence of each motif as a function of the temperature by a derived 

Boltzmann distribution based on the computed energies. 

 

Methodology and Computational Details 

A systematic study of several β-Mo2C(001) surface terminations was carried out 

by means of calculations based on the periodic density functional theory (DFT). 

In these calculations, the effect of the core electrons on the valence electron 

density was taken into account through the projector augmented wave (PAW) 

method,23 whereas exchange-correlation effects were included by means of a 

generalized gradient approximation (GGA) potential.24 Thus, the Perdew–Burke–

Ernzerhof (PBE) functional flavor was used to obtain the total energy of the 

system.25 The valence electron density was expanded in a plane-wave basis set 

whose associated kinetic energy did not exceed a value of 415 eV. Numerical 

integration in the reciprocal space was achieved using a Monkhorst–Pack 5×5×1 

k-point grid.26 Electronic energy convergence better than 10−6 eV was always 

reached and the interatomic forces were minimized up to 0.02 eV/Å for 

structural relaxation calculations. This computational set up was recently shown 

to be sufficiently accurate for the purpose of this work.16 All calculations were 

carried out employing the Vienna ab-initio simulation package (VASP).27 

First, the bulk lattice of the orthorhombic phase (β-Mo2C) was optimized, 

leading to cell parameters of 4.7430, 5.2293 and 6.0623 Å for a, b and c, 

respectively, in agreement with experimental values.28 A surface slab model for 

the polar surface termination was then generated by directly cutting from the 

bulk through the (001) plane, whereas a model for the non-polar surface was 

obtained using the METADISE code.29 In addition, three other motifs were 

prepared by reconstructing the top atomic layer of the surface supercell; hence, 
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a total of five different surfaces were considered. These surfaces were modelled 

by slabs, each containing 8 atomic layers and a 12 Å vacuum width 

perpendicular to the surface. We have tested both the slab thickness and the 

vacuum gap to ensure that the centre of the slab behaves as the β-Mo2C bulk. 

Figure 2 shows that the centre of the slab does not change when all layers are 

fully relaxed. Furthermore, the system energy does not change by increasing the 

vacuum gap between slabs, indicating negligible interaction between the 

repeated slabs. Therefore, in the rest of calculations, the top 4 atomic layers 

were allowed to relax without symmetry restrictions until the atoms reached 

the required accuracy in the forces, whereas the rest of the layers were kept 

fixed at the bulk geometry. 

 

Figure 2. Total energy of the 8 layer polar C-terminated slab versus the number of layers relaxed 

during the geometrical optimisation. The total energy of the system is not influenced by the 

relaxation of the most internal layers, acting as bulk material. The perfect (unrelaxed) bulk-cut 

slab is also reported as 0 relaxed layers. 
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Surface Reconstructions 

Various non-polar reconstructions of the C-terminated β-Mo2C (001) surface are 

analysed with the polar bulk-like termination included for completeness. Note, 

however, that because of the particular electronic structure of this material, a 

bulk-like termination might not necessarily imply a permanent dipole 

perpendicular to the surface. For instance, the Mo-terminated bulk-like 

structure is known to be stable, a result arising from the large metallic character 

of the Mo top-layer. Nevertheless, the underlying carbide confers to the 

material a particular reactivity, quite different from that of bulk Mo surfaces. 

The C-terminated bulk polar surface, hereafter referred to as C-polar, presents 

zig-zag stripes of carbon atoms occupying three-fold hollow sites formed by the 

underlying Mo layer. The reconstruction of this polar termination, hereafter 

called C-polar Reconstructed consists of moving half of the C atoms in the top 

surface away from the carbon stripes to the adjacent three-fold hollow sites, 

creating a new diamond-like motif which is clearly seen in Figure 3. The dipole 

perpendicular to the surface disappears by halving the number of surface C 

atoms and placing them in their corresponding bulk-like position at the frozen 

surface at the bottom of the slab.22 Due to the geometrical equivalence of the C 

atoms, the C-terminated surface does not depend on the rearranged atoms. 

Note also that the C-non-polar reconstructed surface presents one surface 

carbon atom per (1×1) unit cell only (Figure 3). Additional non-polar 

reconstructions can be constructed using a (2×2) supercell instead. The surface 

motifs thus created are referred to as Hexagonal and Stripes and are obtained 

by sliding along different directions two of the four surface carbons explicitly 

included in the supercell model. The hexagonal termination shows a slightly 

distorted C-centred honeycomb structure, while the second reconstruction 

creates zig-zag stripes similar to the C-polar but misaligned with respect to 
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those of the carbon layers below. A schematic representation of each surface 

termination is reported in Figure 3. 

 

Figure 3: Representation of the different reconstructions of the β-Mo2C(001) surface. Both polar 

and non-polar C- terminations are shown. Hexagonal and stripes periodicity are highlighted with 

yellow lines. The bottom side of the C-polar and C-polar-Reconstructed slab exposes the Mo-

terminated surface, where for non-polar reconstructions the bottom of the slab presents always 

the C-non-polar morphology. Colour code: Cyan smaller spheres are C atoms and brown bigger 

spheres are Mo atoms. We displayed the cell in dark blue. 

 

It is also important to note that these surfaces have different numbers of 

surface carbon atoms, and it is therefore logical to assume that carbon coverage 

resulting from a given preparation method will have a key role in defining the 

surface structure. In fact, it has been reported that a surface coverage increase 

from 0.33 ML to 0.5 ML leads to a reconstruction from honeycomb to zigzag 

structure.19 
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In order to determine the surface stability of different surfaces one would 

normally rely on the calculated surface energy γR obtained as 

A
nEE bulk

U
slabU

2
−

=γ  (1) 

Ubulk
R
slabR

A
nEE γγ −

−
=  (2) 

where γU is the surface energy of the unrelaxed surface model, i.e. using the 

energy obtained by maintaining the atomic structure at bulk-optimized 

positions denoted as Eslab
U ; γR is the surface energy of the slab model with the 

topmost atomic layers relaxed as indicated above, obtained from the 

corresponding Eslab
R  energy value; n stands for the number of bulk Mo2C 

structural units and, finally, A is the exposed surface area per unit cell. 

Unfortunately, the above definition does not apply when the surfaces generated 

by cleaving the bulk are different, as in the case of the β-Mo2C (001) where 

cleavage results in one C- and one Mo-terminated surface. In this situation the 

stability order of the reconstructed surfaces can be defined from the calculated 

cleavage energy Ecleav, which is simply the energy required to cleave the material 

in such a way that two different surfaces are exposed, one at the top of the slab 

and one at the bottom. To obtain Ecleav we use a two-step approach where the 

cleavage energy of the unrelaxed surface is first obtained as  

A
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U
slabU
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−

=  (3) 

and, in a second step, the surface of interest (i) is relaxed which leads to  
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where iR
slabE  is the energy of the slab with the i surface termination (i = C-

terminated or Mo-terminated) relaxed and the bottom layers kept fixed in the 

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Chapter 7 

127 

bulk optimised positions. In this work, i refers to the C-terminated surface. To 

obtain the cleavage energy one needs to apply Equation 4 to the case where the 

Mo-terminated surface is relaxed and then average the two iR
cleavE values. An 

alternative approach consists in fully relaxing the two surfaces simultaneously 

with the C-terminated in the desired reconstruction. For a sufficiently thick slab 

model, the two procedures should provide the same values. The latter approach 

has already been used before,16 and test calculations carried out in the present 

work showed that Ecleav calculated by fully relaxing the 8 layer slab and 

subtracting the energy of the corresponding Mo2C bulk units differs by only ± 

0.02 J m-2 from the value calculated using the two step approach. This approach 

is thus an accurate method for obtaining the cleavage energy, especially as we 

are primarily interested in the relative stabilities of the different C-terminations. 

In Table 1 we therefore report the computed cleavage energies without taking 

into account the relaxation of the Mo-terminated side of the slab. We have also 

calculated the surface reconstruction amount expressed as in Eq. 5. 

U
cleav

R
cleav

U
cleav

E
EErelax

i−
=%  (5) 

Structure and relative stability of the reconstructed surfaces 

The atomic structure of the different terminations described above has been 

optimized until full convergence and the calculated surface properties 

summarised in Tables 1 and 2. For bulk-like and reconstructed polar 

terminations, we found a uppermost C−C distance of ~3.1 and ~4.5 Å 

respectively. C-polar reconstructed shows a diamond-like motif. On the C-non-

polar slab, C atoms are 5.2 and 6.1 Å far apart, whereas for the Hexagonal and 

Stripes reconstructions the situation is slightly more complex. In the Hexagonal 

reconstruction, each C is surrounded by six other atoms, two at 5.2 Å, two at 6.4 

Å and two at 6.9 Å, forming a distorted carbon-centred hexagon. We also found 

peculiar structural features on the Stripes reconstruction termination, the C-C 
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intra-stripe distance is 4.7 Å, with the angle formed by three carbons at 117 °, 

and the inter-stripe distance is equal to 6.2 Å. The C-non-polar and the Stripes 

slab showed C-C distances very close to those experimentally reported, 

6.03±0.02 Å.20 Another structural difference among C-terminations is the 

contraction of the interlayer spacing in the relaxed layers. It is worth noting that 

significant inward rumpling takes place in the upper layer of the polar 

terminated surfaces in contrast with the very small relaxation (~5 pm) 

experimented by deeper layers, which is in agreement with the dipole reduction 

trend in a Tasker-type reconstruction. Nevertheless, non-polar terminations 

relax > 0.1 Å inwards in the second layer as well, with a small fluctuation around 

the bulk values predicted for the more internal layers (Table 1). 

Table 1: Differences in calculated interlayer distances (∆ij in pm) relative to the same values in the 

bulk crystal. Positive values represent an expansion and negative values a contraction respect to 

the same bulk distance. Averaged values are marked with an asterisk (*). 

Termination ∆12 ∆23 ∆34 
C-polar -14.473* -4.879* 4.511* 
C-polar Reconstr. -12.455* -4.619* 5.414* 
C-non-polar -14.524 -16.161 7.575 
Hexagonal -9.243 -12.188 4.399 
Stripes -8.891 -11.526 4.114 

 

Upon relaxation, all reconstructions lower the total energy of the system with 

respect to the corresponding value for the polar bulk-cut relaxed C-terminated 

surface, in agreement with the predictions of the Tasker model for ionic 

materials. The calculated values of the cleavage energy Ecleav in Table 2 suggest 

that the C-non-polar termination is the most stable surface, which calculated C-

C distances are in remarkable agreement with experimental values.20,30,31 

Nevertheless, the relative close cleavage energies, and hence stabilities, of the 

different reconstructions strongly suggest that fractions of the material surface 
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are likely to be covered by hexagonal and stripes motifs as these surfaces are 

normally prepared by annealing at high temperature. It is worth to note that all 

results reported are obtained considering perfect UHV conditions (absence of 

any gas in contact with the surface).The stability of each surface will definitely 

change taking into account possible adsorption, desorption or reactive 

processes. We will further discuss the presence of each surface as function of 

temperature in the next section.  

The atomic charges on the surface atoms and, in particular, the difference with 

respect to bulk values provides information about electronic structure 

modifications arising from surface reconstruction. Net atomic charges have 

been estimated by means of the Bader analysis,32 where the electron density 

associated with each topological atomic basin is integrated.33 Note that the 

Bader volume is not a sphere of constant radius; due to the changes in the 

effective atomic radii with the oxidation state of the ion, it is dependent on the 

charge density. Nevertheless, one must be aware of the fact that excessive 

electron delocalization of standard DFT methods, arising from the self-

interaction error, usually leads to an underestimation of atomic charges 

although trends are likely to be correct. Here, the atomic charges of surface 

atoms are compared to those of the corresponding bulk atoms (Table 2).  

Table 1: Surface characteristic quantities calculated for each termination: cleavage energy (Ecleav in 

J m-2), relaxation amount (% Relax), termination degeneracy (Ω), surface work function (φ in eV) 

and atomic charges of the uppermost C atoms (QC in a.u.). The value of the atomic charge for bulk 

carbon atoms is -2.4 e for all surfaces. Averaged values are marked with an asterisk. 

Termination Ecleav % Relax Ω φ  QC 
C-polar 3.355 6.6 1 4.8 -1.9 
C-polar Reconstr. 3.274 8.8 1 4.9 -1.8* 
C-non-polar 3.217 5.4 1 4.9 -1.9 
Hexagonal 3.281 3.5 2 4.9 -1.8* 
Stripes 3.262 4.1 2 4.9 -1.9* 
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The calculated values indicate that charge in the surface C atoms is significantly 

smaller than in the bulk, but with minor differences in the values corresponding 

to the difference surface terminations. In order to obtain additional information 

regarding the electronic structure of each termination, we have derived the 

work function (φ) values by subtracting the value of the Fermi energy from the 

electrostatic potential at the vacuum. Work function is strongly influenced by 

the extent of surface dipole and variation of this property cannot always be 

addressed to simple electrostatic arguments.34 However, it is a global property 

of the surface under study, and in this case small changes resulting from the 

different morphologies can be expected. In fact the calculated work function 

values are all around ~5 eV, comparable to those reported in previous work for 

the polar termination.15,16 Clearly, the similarity between calculated values φ 

does not allow us to use this property to characterise each surface motif, either 

theoretical or experimentally. 

 

Statistical analysis of surface termination distribution 

Experimental characterisation of the C-terminated β-Mo2C (001) surface 

detected a number of structural changes during annealing processes at different 

temperatures.18,,20 Thus, upon annealing the sputtered β-Mo2C (001) between 

840 and 960 K, a honeycomb motif appears as the first well-ordered structure.19 

However, it has been shown that annealing at higher temperatures leads to a 

change in the surface structure.18 Further experiments have provided evidence 

that annealing time also modifies the surface structure.20 The combination of 

both temperature and annealing time modifies the carbon coverage on the 

surface (θC), due to its segregation and C oxidation towards CO2.31 For instance, 

it was noted that the honeycomb structure changes to a c(2x4) zig-zag motif.20  

UNIVERSITAT ROVIRA I VIRGILI 
TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES 
THEORETICAL MODELLING. 
Gian Giacomo Asara 
Dipòsit Legal: T 1924-2014 



Chapter 7 

131 

Following previous work, we assume here that the probability of a given 

arrangement is described by a Boltzmann distribution and that this governs the 

extent of occurrence of a particular configuration at the surface.3537 To obtain 

the probability distribution of the different surface motifs as a function of the 

temperature, we employ the calculated DFT energies in a Boltzmann-like 

probability (Pi) defined as: 

∑
∆−

∆−

Ω

Ω
=

j

Tk
E

j

Tk
E

i
i

B

j

B

i

e

eP  (6) 

where ΔEi stands for the energy of the motif i with respect to the energy of C-

non-polar, and Ω is the degree of degeneracy associated with each 

configuration (Table1 ). The probability of finding each surface motif (or motif 

surface fraction) of β-Mo2C (001) at the annealing temperature in 

thermodynamic equilibrium is represented in Figure 4. Note that entropic 

contributions, C segregation or C reaction with oxygen are not considered. 

Therefore, the information from the diagram in Figure 4 has to be taken from a 

qualitative point of view only.  

The analysis of Figure 4 reveals that the C-non-polar pattern is the most stable 

structure at low temperature. However, for temperatures beyond 500 K the 

surface area is likely to be shared with the hexagonal and the stripes motifs. 

Interestingly, the probability of these secondary patterns to cover the surface 

becomes ~ 20 % at 1000 K. Although other terminations may be present, their 

contribution to the total surface is negligible. In agreement with Tasker’s 

arguments,22 we found that non-polar surfaces are the most stable terminations 

for every temperature. The presence of different patterns at high temperatures 

agrees well with the experiments where the surfaces were annealed at ~900 K.19 

In these studies it was pointed out how the presence of each surface domain 
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strongly depends on the annealing temperature used, a feature nicely 

reproduced by the present modelling study. In fact, a limit of 1300 K was 

predicted to be crucial to produce the surface composition changes,21 which is 

close to the inflection point of curve for the non-polar C-termination. In 

addition, the increment in the C/Mo ratio seen in the experiments is consistent 

with the presence of small domains according to the stability of the C-polar 

Reconstructed.  

 

Figure 4. Probability of the different β-Mo2C(001) C-terminations as a function of the absolute 

temperature. Entropic contribution has been neglected. 

Surface electronic structure and simulated STM images 

The electronic structure of the different surfaces can also be analysed in terms 

of projected density of states (pDOS) profiles. Figure 5 reports the calculated 

pDOS for the C non-polar surface structure. We use this surface as an example 

to discuss the pDOS associated with the C-terminated surface as it presents the 
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most important features seen in the pDOS of all terminations studied. 

Interestingly, there is no apparent relation between the position of Mo atoms in 

more external or more internal layers and their contribution to the total DOS. 

Some interesting features associated with the creation of the surface can be 

identified if we compare the surface with previously reported bulk DOS.16 The 

surface pDOS profile clearly shows two peaks at about -12 and -10 eV, and a 

wide valence band around the Fermi level, confirming the metallic character of 

Mo2C. A further analysis obtained projecting the total DOS on the Mo or C 

atoms belonging to a certain layer allows us to identify the contribution of 

surface or inner atoms to the total DOS. The surface pDOS presents an 

abundance of metallic states in the proximity of the Fermi level. Those states 

belong to sub-surface Mo layers, where states associated with carbon atoms are 

found at much lower energies. Such valence states are those that can be easily 

seen in STM experiments. This behaviour is conserved also in the bulk pDOS 

profile where the large majority of the valence states close to the Fermi energy 

are predicted to be associated with Mo 5d states and carbon states are present 

in much smaller quantities at higher binding energies. 
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Figure 5: Projected density of states (pDOS) for the non-polar reconstruction of the C-terminated 

(001) surface. The profile explicitly shows the contribution of each Mo or C layer to the total DOS 

(displayed in black), highlighting how the large majority of the valence states are associated with 

Mo atoms.  

The bulk DOS presents a clearly marked peak around -12 eV associated with the 

C 2s states and with a small contribution of Mo 5d bands. In the surface pDOS, 

displayed in Figure 5, the peak at -12 eV is still present, although another peak 

arises at about -10 eV. The former is associated with carbon atoms belonging to 

different layers, and with a non-negligible contribution from Mo atoms in 

different layers. The second peak has no contribution from carbon atoms but all 

states come from Mo atoms belonging to different layers. The surface pDOS 

profile confirms the idea of surface carbon atoms floating on a “sea” of 

electrons coming from Mo atoms in deeper layers of the material.19 

The β-Mo2C (001) surface has been characterised by scanning tunnelling 

microscopy (STM), showing a honeycomb structure (θC= 0.33 ML) with a centred 

carbon as a sombrero protrusion.38 The c(2x4) zigzag pattern was also identified 

by Fukui et al.19 for a carbon coverage of 0.5 ML on the surface. To further 

compare the proposed surface terminations with experimental findings, we 

have modelled the STM images for the motifs predicted to be the most stable: 

C-non-polar, Stripes and Hexagonal. The topographical STM images were 

obtained using the well-known Tersoff-Haman approach that links the potential 

applied between the tip of the microscope and the surface with the electron 

density associated with a certain energy window from the Fermi energy.39 The 

simulated images in Figure 6 provide information about the spatial distribution 

of the valence band states in the vicinity of the Fermi energy (EF), which is 

particularly useful for systems where the ad-atoms can interact with the surface 

in many different sites. Compared with isodensity plots, they are directly 

comparable with experimental STM with the advantage that the model does not 

suffer from external perturbations, such as the electric field of an STM 
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experimental tip influencing the position and orientation of species adsorbed on 

a surface.40 

The STM simulation of the C-non-polar motif shows a protrusion in the centre of 

distorted hexagons, which is formed by low density peaks of the C atoms. The 

high density regions surrounding the C correspond to sub-surface Mo atoms 

whose states lie in the proximity of the Fermi level. In any case, it is important 

to note that the surface occupied states do not correspond to surface carbon, as 

initially suggested,19 but are dominated by sub-surface Mo atoms. This finding is 

consistent with the pDOS of Figure 5. The motif we denoted as “hexagonal” 

shows the Mo electron density embedding C atoms corresponding to wells of 

low density. The intense electron density of Mo atoms largely affects C 

detection on the surface, strengthening the definition of C atoms floating “upon 

a calm sea of electrons”.19 Nevertheless, the constant current simulated STM of 

the Stripes motif shows high signals for Mo sites and depressions where C 

atoms sit, exposing clear parallel rows. Some structural relations can be seen 

when we compare the images obtained with the experimental data available, 

also assenting the inter-atomic distances reported above. The most immediate 

is the correspondence between calculated and experimental STM images for the 

“Stripe” motifs at θC= 0.5 ML. Here, two different types of C atoms cover the Mo 

sub-surface layer as demonstrated by the different height of the low density 

peaks seen in the simulated STM. Nevertheless, the Stripe type structures may 

lower the surface C coverage and evolve presumably to another non-polar 

structure, perhaps to the so-called honeycomb structures as previously 

guessed.19 
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Non-polar 

 
Hexagonal 

 
Stripes 

 

Figure 6. Simulated STM images for the three most stable C-terminations. Images were obtained 

displaying the electron density associated with the states between up to 0.5 eV at a constant 

charge density of 10−5 e−/Å3. 
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Conclusions 

Periodic DFT calculations have been used to study the stability of a number of C-

terminated (001) surfaces of β-Mo2C. Models for this surface termination have 

been proposed, which include polar and non-polar terminations; the latter are 

expected to be more stable according to the Tasker classification of polar 

surfaces of ionic materials.22  

Various surface properties have been derived for each termination and motif 

including the cleavage energy (as a measure of the surface stability), work 

function, Bader atomic charges and atomic structure. Although the differences 

between top surface atomic charges or work functions are almost negligible, the 

surface relaxation leads to an important rumpling on the non-polar C-

terminated surfaces. Furthermore, from the cleavage energy analysis we 

suggest that non-polar C-terminated surfaces are the most thermodynamically 

stable. Nevertheless, other surfaces may be present depending on synthetic 

conditions favouring or hindering the formation of these surfaces. 

A Boltzmann distribution derived from DFT calculated energy values has been 

proposed to quantify the contribution of each motif to the surface at different 

temperatures, highlighting that at high temperatures various surfaces may be 

present although the non-polar C-terminated surface is likely to be dominant. In 

case of extra carbon at the surface, reconstructed domains may coexist. These 

results provide a theoretical explanation of previous experimental results that 

encountered a strong dependence of surface structure on annealing 

temperature. In these studies, some STM images were presented and various 

domains identified.19 Simulated STM images show a straightforward comparison 

with experiment and, in particular, simulated STM images for the Stripes models 

nicely compare to experimental ones obtained at θC= 0.5 ML, whereas the 

honeycomb structure is formed at different coverage and, presumably, from a 

non-polar C-terminated surface.  
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Chapter 8 

Summary and concluding remarks 
 

In this thesis we have investigated several TMC systems. In some case we 
focused on the adsorption and reactivity of molecules on surfaces, in others on 
structural properties of carbides and on their interaction with noble metal 
atoms. 

 

Adsorption of molecules 

Throughout this thesis adsorption of several molecules (CO, CO2, H2, H2O) was 
studied on various TMC and noble metal clusters supported thereon. In a first 
moment we concentrated just on carbon monoxide. We considered the 
extended (001) surface of TiC but also terraces, monatomic steps and kink 
defective sites. In all cases the surface carbon atoms demonstrated to be 
favored sites for the adsorption and not simple spectators. 

Despite the characteristic high hardness of TMC materials, the surface is largely 
distorted upon adsorption. Our DFT study predicts that the underlying surface C 
atom is pulled out of the surface plane of about 0.5 Å. This strong interaction 
destabilizes the system influencing the calculated adsorption energy. For lower 
coverage the distortion energy associated to the new C-C double bonds formed 
is reduced because a smaller number of molecules are adsorbed on the surface 
and so the adsorption energy value for low coverage situations is converged 
using big supercell models. 

Results obtained1 pointed out the importance of using reliable models that well 
describe the surface relaxation upon adsorption. Our periodic slab model where 
the uppermost 2 layers are fully relaxed and the bottom 2 are fixed to the 
optimized bulk position demonstrated to offer accurate results for both 
adsorption energies and geometries. 
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Adsorption on defective sites2 resulted in a confirmation of the surface carbons 
as the preferred CO adsorption sites on TiC. The lower coordination of the 
adsorptive atoms corresponds with an increment of the bond strength. 

Trends obtained with the highly computational demanding extended models 
used to study adsorption on edge or kink sites where qualitatively reproduced 
with the cheaper finite nanocube model. This opens to a systematic study of the 
effect of the reduced coordination on the adsorptive properties of other rock 
salt TMCs. 

 

Reactivity of adsorbed molecules 

The important information achieved about CO-TiC (001) interaction was used to 
set up a consistent methodology to study the reactivity of adsorbed molecules 
on clean TiC (001) surface and on two gold clusters models, Au4 and Au6, 
adsorbed on TiC support. 

The relaxation of the TiC substrate is needed to obtain reliable results about 
adsorption energies and geometries. Studying the reactivity of syngas,3 a 
mixture of CO and H2, on the clean (001) surface such relaxation demonstrated 
to be crucial to properly identify intermediates and transition state structures. 
However the energy barriers calculated for methane or formaldehyde formation 
where by far too high and those processes are unviable on the clean support. 

Gold clusters supported by TiC (001) improve the catalytic activity of the system. 
In fact, the calculated reaction barrier for the first hydrogenation of CO is 
reduced on the bigger Au6 cluster respect to the clean support or the smaller 
Au4 cluster by consequence of both electronic and structural features, but 
however the reaction continues to be highly hindered. Despite of these results 
CO2 activation and hydrogenation is predicted to be fast on the Au4 system.4 Ab 
initio estimation of the reaction rates for the Water Gas Shift Reaction at 
industrial conditions was used to compare results obtained for the Au4/TiC (001) 
model catalyst with experiments confirming the high catalytic activity found. 
These results point out the high catalytic activity of small gold nanoclusters and 
their activation upon interaction with TiC but also spread light on some possible 
controversial results obtained. Lack of catalytic activity of the Au4/TiC (001) 
system toward CO hydrogenation does not have to be imputed just to the 
heterogeneous catalyst but to the interaction with the reactants that causes a 
structural hindering impeding the reaction. 
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Interaction with noble metals 

Information obtained up to now confirmed that the interaction with TMC 
activates noble metal nanoparticles adsorbed thereon. In particular Ni, Cu and 
Au clusters are strongly perturbed upon adsorption resulting in extremely active 
catalysts.5,6 

For this reason, our research continued focusing on the interaction of those 
atoms with another rock–salt TMC: the δ phase of the molybdenum carbide 
catalyst. Such phase is predicted to be metastable although the (001) surface 
has the lowest cleavage energy of all low index surfaces commonly considered 
when studying molybdenum carbide materials.7,8 This study showed how the 
interaction is stronger for lowest coverage considered but, most important, that 
the relaxation of the surface is needed to well describe low coverage 
adsorption. Adsorption energies calculated are in the order of 2 - 5.5 eV, 
increasing when reducing the coverage and in the order Au < Cu < Ni. Indeed 
adsorption causes a strong distortion of the underlying surface, proved by the 
increment of about 25 % of the hollow area where noble metal atoms adsorb. 
The calculated d band center shifts to more positive energies for higher 
coverage inferring an increment of the catalytic activity. For all coverage 
considered the activity is predicted to increase in the order Ni > Cu > Au. These 
predictions agree with recent experiments performed using titanium carbide as 
support for small Au, Cu or Ni clusters.5 

Structural investigation of β-Mo2C (001) C-terminated 
morphology 

The experimental confirmation of our theoretical results obtained for 
adsorption, reactivity and catalytic activity trends strengths the reliability in the 
computational models used. It opened a way for the prediction of possible 
morphologies of the (001) surface of Mo2C, an important less studied carbide 
whose interesting application are stimulating recent investigations.9,10 

When studying the catalytic activity of small metal nanoclusters adsorbed on 
any support the first necessary step is the determination of the structure of the 
surface under study. In this part of our research we studied the applicability of 
the classical concepts developed by Tasker for oxide material to transition metal 
carbides.11 Following classical electrostatics the polar low index surfaces of TMC 
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should undergo reconstruction in order to minimize the finite dipole 
perpendicular to the surface due to the polarity of the TM-C bond. 

Our study12 guessed possible non-polar reconstruction for the (001) surface of 
Mo2C focusing on the calculated cleavage energy, proportional to the stability of 
each termination considered. In these sense smaller cleavage energies 
corresponds to more stable surface structures. 

All non-polar reconstructions decreases the calculated cleavage energy, 
confirming the applicability of Tasker’s concepts to TMCs. Boltzmann 
distribution was then used to predict the abundance of each guessed 
termination as function of the temperature. At low temperature the non-polar 
reconstruction is by far the most abundant of the surface where for higher 
temperature it is expected the presence of others non-polar reconstructed 
domains together with a small fraction covered by the polar C-terminated 
surface. 
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